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Sir: 

This Appeal Brief is filed in triplicate pursuant to the Notice of Appeal to the 
Board of Patent Appeals and Interferences mailed October 20, 2003. 

REAL PARTY IN INTEREST 

The real party in interest is assignee Cree, Inc., Durham, North Carolina. 

RELATED APPEALS 

Appellant is aware of no appeals or interferences that would be affected by the 
present appeal. 

STATUS OF CLAIMS 

Claims 1-5, 7-24, 26-33, 35-36 and 46-48 remain pending. Each of these claims 
currently stands finally rejected. Appellants appeal the final rejection of Claims 1-5, 7-24, 
26-33, 35-36 and 46-48. The attached Appendix A presents the claims at issue as finally 
rejected in the Official Action of July 8, 2003 and the Advisory Action of October 9, 2003. 

STATE OF AMENDMENTS 

The attached Appendix A presents the claims as they currently stand. Each of the 
claims remains as filed or as amended in the Amendment dated May 1, 2003. All 
amendments have been entered in the present case. 
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SUMMARY OF THE INVENTION 

Pursuant to embodiments of the present invention, methods of growing silicon 
carbide crystals using electric arc sublimation techniques are provided. (Specification at 
5, lines 1 -2). Sublimation refers to a process whereby a material is converted from a solid 
state directly into a gaseous state and thereafter the resulting gas vapors are condensed 
back into a solid form. (See Webster's New World Dictionary at 1418, Appendix B). In 
embodiments of the present invention, at least one silicon carbide electrode may be placed 
in a sublimation system. (Specification at 5, lines 2-8). An electric arc may then be 
created between the silicon carbide electrode and a second electrode that raises the 
temperature of the silicon carbide electrode adjacent the arc to a temperature sufficient to 
sublime the silicon carbide. (Specification at 5, lines 2-8). In other embodiments of the 
invention, a localized heat source may be used instead of the electric arc to raise at least a 
portion of the silicon carbide source material to a temperature at which it sublimes. 
(Specification at 5, lines 8-10). 

The power dissipation across the electric arc may be controlled to create a constant 
flow of vaporized Si, Si2C and/or SiC2 from the silicon carbide source independent of both 
the internal temperature and/or pressure of the sublimation system. (Specification at 5, 
lines 11-15). This may be accomplished, for example, by adjusting the position of one or 
both electrodes as the electric arc consumes the end of the electrodes so as to maintain a 
constant gap between the electrodes over time. (See, e.g., Specification at 10, lines 21-29). 
By using the power dissipation level across the electric arc as a means for maintaining a 
constant flux, the temperature and pressure of the sublimation system may be 
independently set to grow a desired polytype of silicon carbide. (Specification at 1 1, lines 
19-29). This differs from conventional silicon carbide sublimation techniques where the 
pressure and/or temperature may be adjusted throughout the process in an effort to 
maintain a relatively constant source-to-seed flux of the vaporized silicon carbide. 
(Specification at 1 1, lines 19-29). 

ISSUES 

1. Are Claims 1-5, 7-12, 14-17, 20, 23-24, 26-33, 35-36 and 46-47 properly 
rejected under 35 U.S.C. § 103(a) as being unpatentable over Pinkahsov (U.S. Patent No. 
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4,978,556) in view of Davis (U.S. Patent No. RE 34,861) and Kuehnle (U.S. Patent No. 
5,879,518)? 

2. Are Claims 1-5, 7-12, 14, 17-20, 23-24, 26-30, 32-33, 35-36 and 46-47 
properly rejected under 35 U.S. C. § 103(a) as being unpatentable over Pinkahsov in view 
of Davis and Smalley (U.S. Patent No. 5,227,038)? 

3. Is Claim 13 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Jaussaud (U.S. Patent No. 6,1 13,692), and 
Kuehnle or Smalley? 

4. Are Claims 18-19 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle and Fey (U.S. Patent No. 
4,582,004)? 

5. Are Claims 21-22 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Otsuki (U.S. 
Patent No. 6,090,733)? 

6. Are Claims 22 and 48 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Kijima (U.S. 
Patent No. 5,093,039)? 

GROUPING OF CLAIMS 

Claims 1-5, 7-24, 26-33, 35-36 and 46-48 stand rejected as obvious under 35 
U.S.C. § 103. For the purposes of this appeal, Appellant submits that Claims 1-5, 7-10, 
13, 16-24, 26-29, 3 1-32 and 46-48 may be considered as standing or falling together (Group 
I), Claims 33, 35 and 36 may be considered as standing or falling together (Group II), Claims 
14 and 30 may be considered as standing or falling together (Group III), Claims 1 1 and 15 
may be considered as standing or falling together (Group IV) and Claim 12 may also be 
considered as standing or falling independently of the remaining claims (Group V). 
Appellant submits that the above-listed groups of claims are separately patentable for the 
reasons discussed below. 
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ARGUMENT 

I. INTRODUCTION 

Each of the claims of the present application stands rejected as obvious under 35 
U.S.C. § 103. A determination under Section 103 that an invention would have been 
obvious to someone of ordinary skill in the art is a conclusion of law based on fact. 
Panduit Corp. v. Dennison Mfg. Co. 810 R2d 1593, 1 U.S.P.Q.2d 1593 (Fed. Cir. 1987), 
cert denied, 107 S.Ct. 2187. After the involved facts are determined, the decision maker 
must then make the legal determination of whether the claimed invention as a whole 
would have been obvious to a person having ordinary skill in the art at the time the 
invention was unknown, and just before it was made. Id. at 1596. The United States 
Patent and Trademark Office has the initial burden under Section 103 to establish a prima 
facie case of obviousness. In re Fine, 837 F.2d 1071, 5 U.S.P.Q.2d 1596, 1598 (Fed. Cir. 
1988). 

To establish a prima facie case of obviousness, the prior art references cited in the 
rejection, when combined, must teach or suggest all the recitations of the claims, and there 
must be some suggestion or motivation, either in the references themselves or in the 
knowledge generally available to one of ordinary skill in the art, to combine the reference 
teachings in the manner suggested. M.P.E.P. § 2143. The mere fact that references can be 
combined or modified does not render the resultant combination obvious unless the prior 
art also suggests the desirability of the combination. M.P.E.P. § 2143.01, citing In re 
Mills, 916 F.2d 680, 16 U.S.P.Q.2d 1430 (Fed. Cir. 1990). As emphasized by the Court of 
Appeals for the Federal Circuit, to support combining references, evidence of a 
suggestion, teaching, or motivation to combine must be clear and particular, and this 
requirement for clear and particular evidence is not met by broad and conclusory 
statements about the teachings of references. In re Dembiczak, 50 U.S.P.Q.2d 1614, 1617 
(Fed. Cir. 1999). Thus, in support of a Section 103 rejection, particular evidence from the 
prior art must be provided showing why a skilled artisan, with no knowledge of the 
claimed invention, would have combined the cited references in the manner claimed in the 
rejection. In re Kotzab, 55 U.S.P.Q.2d 1313, 1317 (Fed. Cir. 2000). 

Furthermore, as recently stated by the Federal Circuit with regard to the selection 
and combination of references: 
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This factual question of motivation is material to patentability, and could not be 
resolved on subjective belief and unknown authority. It is improper, in determining 
whether a person of ordinary skill would have been led to this combination of 
references, simply to "[use] that which the inventor taught against its teacher." 
W.L. Gore v. Oarlock, Inc., 721 F.2d 1540, 1553, 220 USPQ 303, 312-13 (Fed. 
Cir. 1983). Thus the Board must not only assure that the requisite findings are 
made, based on evidence of record, but must also explain the reasoning by which 
the findings are deemed to support the agency's conclusion.... 

In re SangSu Lee, 211 F.3d 1338, 1343 (Fed. Cir. 2002). 

Appellant respectfully submits that the pending claims are patentable over the cited 
references because the cited combination fails to disclose or suggest all of the recitations 
of the pending claims, and because the reasoning behind such combination has not been 
established. The patentability of the pending claims is discussed in detail hereinafter. 

II. THE GROUP l-V CLAIMS ARE PATENTABLE OVER THE CITED ART 

Claims 1-5, 7-12, 15-17, 20, 23-24, 26-29, 31-32 and 46-47 stand rejected under 35 
U.S.C. § 103(a) as being unpatentable over Pinkahsov in view of Davis and Kuehnle. 
(Final Action at % 2, pp. 2-5). Claims 1-5, 7-12, 17-20, 23-24, 26-29, 32, and 46-47 stand 
rejected under 35 U.S.C. § 103(a) as being unpatentable over Pinkahsov in view of Davis 
and Smalley. (Final Action at Tf 3, pp. 5-7). Claim 13 stands rejected under 35 U.S.C. § 
103(a) as being unpatentable over Pinkahsov in view of Davis, Jaussaud, and Kuehnle or 
Smalley. (Final Action at % 4, pp. 7-8). Claims 18-19 stand rejected under 35 U.S.C. § 
103(a) as being unpatentable over Pinkahsov in view of Davis, Kuehnle and Fey. (Final 
Action at f 5, pp. 8-9). Claims 21-22 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Otsuki. (Final 
Action at f 6, pp. 9-10). Claims 22 and 48 stand rejected under 35 U.S.C. § 103(a) as 
being unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Kijima. 
(Final Action at f 7, pp. 10-11). For the reasons discussed below, Appellant respectfully 
submits that all of these claims are patentable over the cited art. 

A. The Rejections Should Be Reversed Because Pinkahsov Does 
Not Teach Growing Silicon Carbide Via Sublimation 

The present application includes three independent claims, Claims 1, 24 and 33. 
For the Court's convenience, each of these claims are reproduced below: 



In re: Thomas G. Coleman 
Serial No.: 09/931,537 
Filed: August 16, 2001 
Page 6 

1 . A method of growing silicon carbide, the method comprising: 

introducing a seed of silicon carbide into a sublimation system; 

introducing a silicon carbide electrode into the sublimation system; 

introducing a second electrode into the sublimation system adjacent the 
silicon carbide electrode, wherein the silicon carbide electrode and the second 
electrode are separated by a gap; 

establishing an electric arc across the gap between the silicon carbide 
electrode and the second electrode to vaporize at least part of the silicon carbide 
electrode and cause at least some of the vaporized silicon carbide materials to form 
silicon carbide on the silicon carbide seed; and 

controlling the power dissipated across the gap to control a flow of 
vaporized Si, Si2C and SiC2 from the silicon carbide electrode to the seed of silicon 
carbide. 

24. A method of growing silicon carbide, the method comprising: 
establishing an electrical arc between a pair of electrodes spaced apart by a 
gap in order to electrically arc a silicon carbide source to sublimate silicon and 
carbon containing material from the silicon carbide source and cause at least some 
of the silicon and carbon containing material to form silicon carbide on a silicon 
carbide seed; and 

controlling the power dissipated across the gap to control the flow of 
vaporized Si, Si2C and SiC2 from the silicon carbide source to the silicon carbide 
seed. 

33. A method of growing silicon carbide, the method comprising: 

using resistive or inductive heating to heat a furnace to a temperature below 
the temperature at which silicon carbide sublimes; 

using an electric arc to create a local high temperature zone within a the 
furnace that is above the temperature at which silicon carbide sublimes while 
maintaining the inner walls of the furnace at a temperature below the temperature 
at which silicon carbide sublimes; 

introducing a silicon carbide source material into the high temperature zone 
to sublimate silicon and carbon containing material from the silicon carbide source 
and cause at least some of the silicon and carbon containing material to form 
silicon carbide on a silicon carbide seed. 

As is clear from the above, all of the pending claims are directed to methods of 
growing silicon carbide via electric arc sublimation . {See, e.g., Claim 1, stating that a 
seed of silicon carbide is introduced "into a sublimation system"; see also Claims 24 and 
33, stating that an electrical arc is used "to sublimate silicon and carbon." The Advisory 
Action states that the Pinkahsov reference is relied upon as teaching the electric arc 
sublimation of silicon carbide recitations of the pending claims. (See Advisory Action at 
2). 
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Appellant respectfully submits that the rejections of all of the pending claims 
should be withdrawn because Pinkahsov does not teach sublimating silicon carbide using 
electric arc vapor deposition techniques. Sublimation refers to a process where a solid is 
heated directly to a gaseous state and the resulting vapors are condensed back into solid 
form. (See Webster's Dictionary at 1418, defining sublimate and sublime, attached as 
Appendix B hereto). Pinkahsov, however, is directed to an arc vapor deposition technique 
in which molten (i.e., material that has been "melted or liquefied by heat") material is 
vaporized for purposes of growing a material on a substrate. (See Pinkahsov at Col. 2, 
lines 34-36; Col. 3, lines 49-54; see also Webster's Dictionary at 916, Appendix B, 
defining molten). Evaporating a molten liquid, by definition, is not sublimation. Thus, as 
none of the cited references teach or suggest growing silicon carbide via electric arc 
sublimation the rejections should be reversed. 

In the Advisory Action, the Examiner argues that the Pinkahsov reference in fact 
teaches sublimation and is not limited to embodiments that "require a molten pool." (See 
Advisory Action at 2, citing to Pinkahsov at Col. 1, lines 34-43 and Claim 5). However, 
the portion of Pinkahsov cited by the Examiner is a summary of arc-vapor deposition 
techniques that are disclosed in a series of prior patents to Pinkahsov. (See Pinkahsov at 
Col. 1, lines 29-43). Pinkahsov expressly states that it is these prior patents that describe 
the details regarding "[t]he formation of vapor and its deposition upon the substrate." 
(Pinkahsov at Col. 3, lines 54-57). These prior patents to Pinkahsov make clear that the 
Pinkahsov process involves two phase transformations — solid to liquid and liquid to gas. 

For instance, one of the prior patents that is summarized in Pinkahsov describes the 

arc vapor deposition technique as follows: 

[A] body of the material to be transferred to the substrate is heated in the region of 
this substrate and transformed first into a molten state and then into a vapor 
state . The material thus undergoes two phase transformations, namely, the 
transformation from the solid phase to the liquid phase and then from the liquid 
phase to the vapor phase. 

(U.S. Patent No. 4,505,948 to Pinkahsov at Col. 1, lines 42-48). The prior patents go on to 

explain that the vapor deposition proceeds by striking an electric arc between the pool of 

molten material and an electrode: 

This application discloses a method of vapor-depositing material upon a substrate 
which, as indicated, utilizes an electrical arc struck between a pool of molten 
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material and a counterelectrode, thereby vaporizing the material on the surface of 
the pool and permitting transfer of the vaporized material in the vapor state to the 
substrate. 

(Id. at Col. 2, lines 13-17). The Pinkahsov patent cited by the Examiner likewise confirms 
that it relates to a process in which molten materials are vaporized by repeatedly stating 
that the arc is applied to a molten electrode material . (Pinkahsov at Col. 2, lines 31-36 
and Col. 3, lines 49-54). 

In summary, the portions of Pinkahsov relied upon by the Examiner to support the 
pending rejections do not teach growing silicon carbide via electric arc sublimation as 
recited in all of the pending claims, but instead disclose a two-step vaporization process 
that does not involve sublimation. The Examiner cannot change this fact by citing to 
sentences in Pinkahsov that describe the vaporization process in summary fashion as a 
teaching that sublimation could be used instead of a two-step process. As such, the 
rejections of all the pending claims should be reversed. 1 

B. Pinkahsov Does Not Enable Arc-Vapor Deposition Using a 
Silicon Carbide Electrode 

The rejections of the pending claims should likewise be reversed because 
Pinkahsov does not enable a person of skill in the art to perform electric arc vapor 
deposition using a silicon carbide electrode. As noted above, Pinkahsov discloses an arc 
vapor-deposition method in which an arc is struck between a molten pool of electrode 
material and a second electrode. Pinkahsov states that "the electrode material is crystalline 
silicon or silicon carbide or silicon nitride." (Pinkahsov at Col. 2, lines 47-48). However, 
the example in Pinkahsov only describes use of two silicon electrodes. Pinkahsov does 
further state that the manner in which the vapor is formed is fully described in a series of 



1 The Advisory Action also states that "Smalley et al teaches a method of electric arc 
processing, where electrode material is vaporized without forming a molten pool." 
(Advisory Action at 2). Smalley, however, relates to an electric arc process that uses a 
different material system for a completely different purpose, namely generating fullerenes 
by vaporizing carbon. (See Smalley at Abstract). The Examiner has not even attempted to 
explain why a skilled artisan would have been motivated to modify the process of 
Pinkahsov to operate via sublimation based on Smalley, and Appellant respectfully 
submits that the only such motivation comes from hindsight and using the present 
invention as a roadmap to piece together various teachings from a wide variety of prior art 
references. 
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prior, related patents. (Pinkahsov at Col. 1, lines 29-34 and Col. 3, lines 54-57). These 
prior patents, however, explain that the silicon carbide is deposited on the substrate by 
using a silicon electrode and a carbon block electrode which contains "a molten pool of 
silicon and solubilized carbon." (See U.S. Patent No. 4,505,948 to Pinkahsov at Col. 6, 
lines 60-63 and Col. 7, lines 36-40). Thus, Pinkahsov does not explain how the process 
could be carried out using a silicon carbide electrode. 

This failure of Pinkahsov is significant because it is clear that the process of 
Pinkahsov would not work with a silicon carbide electrode. Pinkahsov teaches that the 
process is carried out under vacuum conditions (i.e., at pressures of 10 3 torr or better). 
(Pinkahsov at Col. 3, lines 66-68). As shown in the references attached at Appendix C 
hereto, silicon carbide does not form a liquid state at those pressures (See, e.g., Seace 
and Slack, Solubility of Carbon in Silicon and Germanium at 1554). Accordingly, the 
method of Pinkahsov where the arc vapor deposition is carried out between an electrode 
and a pool of molten material in a second electrode will not work with silicon carbide 
electrodes. Thus, because Pinkahsov does not enable an arc vapor-deposition process that 
uses a silicon carbide electrode, the rejections of all the pending claims should be 
withdrawn. 

C. The Rejections Should Be Reversed Because There is No 

Motivation To Combine Kuehnle or Smalley with Pinkahsov and 
Davis 

As noted above, to establish a prima facie case of obviousness, the combination of 
prior art references must teach or suggest all the recitations of the claims and there must 
be some suggestion or motivation, either in the references themselves or in the knowledge 
generally available to one of ordinary skill in the art, to combine the reference teachings to 
arrive at the claimed invention. M.P.E.P. § 2143. The mere fact that references can be 
combined or modified does not render the resultant combination obvious unless the prior 
art also suggests the desirability of the combination. 

All of the pending claims stand rejected under 35 U.S.C. § 103 based, at least in 
part, on (1) the combination of Pinkahsov, Davis and Kuehnle and (2) the combination of 
Pinkahsov, Davis and Smalley. In these rejections, the Examiner relies on Kuehnle or 
Smalley for teaching the step of "controlling the power dissipated across the gap to control 
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a flow of vaporized Si, Si2C and SiC2 from the silicon carbide electrode to the seed of 
silicon carbide.' 1 (See, e.g., Final Office Action at If 2, p. 4). The Final Office Action, 
however, fails to provide the necessary showing that a skilled artisan would have been 
motivated to combine this alleged teaching of either Kuehnle or Smalley with Pinkahsov 
and Davis. The lack of any such evidence of motivation to combine the references in the 
manner of the rejections provides an independent basis for withdrawal of each of the 
pending rejections. 

The portion of the Final Office Action detailing the rationale for the pending 
rejections conclusively states that "[i]t would have been obvious to a person of ordinary 
skill in the art at the time of the invention to modify the combination of Pinkahsov and 
Davis et al with Kuehnle to vaporize the electrode material at a steady level (col. 4, In 15- 
25), thereby avoiding undesired changes in flux resulting in uniform polytype." (Final 
Office Action at 4). With respect to the rejections that rely on Smalley, the Final Office 
Action similarly states in a conclusory fashion that "[i]t would have been obvious to a 
person of ordinary skill in the art at the time of the invention to modify the combination of 
Pinkahsov and Davis et al with Smalley's means for maintaining a desired gap for the 
electrical arc to maintain an optimum length of the arc gap during the entire process." 
(Final Office Action at 6). In the Advisory Action, the Examiner argues that the teaching 
in Davis that the silicon carbide should be vaporized at a constant flux provides the 
motivation for combining Kuehnle and/or Smalley with Pinkahsov and Davis. (Advisory 
Action at 3). However, Appellant respectfully submits that a skilled artisan would not 
combine the references as suggested in the pending rejections for at least two independent 
reasons. 

First, neither Kuehnle nor Smalley relate to depositing silicon carbide on a 
substrate via electric arc sublimation. Kuehnle is directed to evaporating particles at a 
steady state so that the particles will cluster together at a consistent rate. (See Kuehnle at 
Col. 4, lines 13-23). Smalley is directed to a method of forming fullerenes, a molecular 
form of carbon. (See Smalley at Abstract). Thus, the suggestions in both Kuehnle and 
Smalley regarding the gap to maintain between the electrodes is made in the context of a 
different art and directed to solving a different problem. The Davis reference, however, 
contains explicit teachings regarding controlling the flux between the silicon carbide 
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source material and the silicon carbide seed . In particular, Davis teaches that the "if the 
thermal gradient is continually increased as the source powder is depleted and as the seed 
crystal grows, an absolute temperature differential between the source and the seed can be 
maintained at an amount which continues to be most favorable for growth." (Davis at Col. 
9, lines 29-35). Davis further teaches that this can be accomplished by modifying the 
temperature of the source powder and/or the seed during growth and/or by changing the 
pressure during growth or by a combination of these methods. Appellant respectfully 
submits that the skilled artisan would look to the teachings in the Davis references 
regarding controlling the temperature and the pressure in the reactor to maintain a steady 
flux or the teachings of some other reference that actually relates to the field of the present 
invention. What the skilled artisan would not do is look to a completely different field to 
directly modify the teachings of a reference that the Final Office Action contends teaches 
the method of solving the problem addressed by the present invention. Thus, the pending 
rejections should be withdrawn because the Examiner has not and cannot show that a 
skilled artisan would have combined Pinkashov and Davis with either Kuehnle or Smalley 
in the manner suggested. 

The combinations of references relied upon in the rejections is also unsupportable 
because Pinkahsov teaches directly away from using the electrode apparatus 
disclosed in Kuehnle or Smalley . In particular, Pinkahsov teaches that "arc vapor 
deposition" of silicon or silicon carbide onto a substrate is accomplished by repeatedly 
striking two electrodes together and then separating the electrodes to form an arc between 
them. (Pinkahsov at Col. 1, lines 34-45 and Co. 3, lines 49-60). In the example set forth 
in Pinkahsov, an arc is formed approximately one time per second through this 
intermittent movement of one or both of the electrodes. (Pinkahsov at Col. 4, lines 27-28). 
As explained in one of the earlier patents that Pinkahsov references as describing aspects 
of his invention: 

I may move the counterelectrode into and out of contact with the pool to thereby 
deposit some of the melt upon the counterelectrode and permitting the heat 
generated at the electrode tip to vaporize at least in part the material transferred to 
it and thus in part generate the vapors which are to be transferred to the substrate. 

(U.S. Patent No. 5,505,948 at Col. 2, lines 30-36). This prior Pinkahsov patent goes on to 
state: 
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Surprisingly, once the arc is struck as the two electrodes are separated, the arc, a 
portion of the arc or a heating effect generated by the arc appears to spiral around 
the long electrode and cause vaporization of the material of the electrode in a 
generally helical or spiral pattern progressively moving away from the 
counterelectrode . 

It is indeed a remarkable surprise that the arc is not confined to the space between 
the two electrodes but rather has a component or an effect which spirals away from 
the counterelectrode toward a region of the length of the long electrode which is 
further removed from the counterelectrode in spite of the fact that the greatest 
conductivity would appear to lie in a line directly between the two electrodes 
where the major portion of the arc appears to be confined. This effect is manifest 
in the fact the long electrode, i.e. the deposition electrode, while originally of 
uniform cross section, develops a taper toward the counterelectrode and coating 
from the blank of the deposition electrode onto the substrate can be observed at 
considerable distance from the arc's striking face of the deposition electrode. 

In fact, the effect appears to survive for a brief period following extinction of the 
original arc and hence I prefer to periodically contact and separate the electrodes to 
generate the arc and then allow extinction thereof. 

(U.S. Patent No. 5,505,948 at Col. 4, lines 16-42). Thus, it is clear that a critical part of 
the invention of Pinkahsov involves moving the electrodes into and out of contact with 
each other - in other words, not maintaining a constant gap - as this is required both to ( 1 ) 
facilitate vaporization of the electrode material in the molten pool by depositing that 
material onto the tip of the counterelectrode and (2) to induce an effect whereby the arc is 
formed not only between the two electrodes, but also along the length of the deposition 
electrode. 

In light of these teachings in Pinkahsov, Appellant respectfully submits that a 
skilled artisan would not have been motivated to combine either Kuehnle or Smalley with 
Pinkahsov as doing so would be directly contrary to the teachings of Pinkahsov. 
Appellant notes that in the Advisory Action the Examiner argues that Pinkahsov is not 
limited to embodiments in which the electrodes are struck together to form the arc. 
However, what the Examiner has not and cannot do is point to any other arc vaporization 
process in Pinkahsov, because the only process disclosed is one in which the electrodes are 
struck together. In fact, the very portion of Pinkahsov that the Examiner cites to as 
teaching that Pinkahsov is not limited to embodiments in which the electrodes are struck 
together expressly states that the electrodes are brought into contact and separated to form 
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the arc. {See Advisory Action at 3-4, citing to Pinkahsov at Col. 1, lines 29-45). As such, 
Appellant respectfully submits that this teaching away from the combination of references 
cited in the pending rejections compels reversal of those rejections. 

D. The Rejections Should Be Withdrawn Because Kuehnle and 
Smalley are Not Analogous Art 

Finally, the pending rejections of the Group I-V claims should also be withdrawn 
because neither Kuehnle nor Smalley can properly be relied upon as part of a rejection 
under 35 U.S.C. § 103. In particular, only references that come from an "analogous art" 
may be relied upon to support a rejection under Section 103, where a reference is 
considered to be from an analogous art if it either (1) is from the same field of endeavor as 
the invention at issue, regardless of the problem addressed or (2) is reasonably pertinent to 
the particular problems with which the inventor is involved. See, e.g., In re Paulsen, 31 
U.S.P.Q.2d 1671, 1675-76 (Fed. Cir. 1994). Neither Kuehnle nor Smalley satisfy this test. 

As to the first prong of the analogous art test, the present invention is directed to 
the growth of semiconductor materials on a seed crystal or substrate. In contrast, Kuehnle 
is directed to "a method for producing small particles, e.g., nanoparticles, which have 
consistent size, shape, structure and functionality." (Kuehnle at Col. 1, lines 7-10). 
Smalley likewise has nothing to do with growing semiconductor materials on a substrate, 
but instead is directed to a method for making fullerenes (a particular form of carbon). 
{See Smalley at Abstract). Thus, both Kuehnle and Smalley are from different fields of 
endeavor, and hence neither reference qualifies as analogous art under the first prong of 
the test. 

The second prong of the analogous art test examines whether or not a reference is 
reasonably pertinent to the particular problems with which the invention is involved. 
Here, that problem is growing monocrystaline and/or polycrystalline silicon carbide 
crystals on a substrate for use in semiconductor applications. Kuehnle has nothing to do 
with the problems which the present invention addresses, as Kuehnle provides insights 
regarding how to collect a powder of a source substance where the particles of the powder 
are relatively uniform in size. Smalley is directed to a method of growing fullerenes - a 
form of carbon - that has no semiconductor applications. Thus, neither Kuehnle nor 
Smalley qualify as analogous art under the second prong of the test and, as such, the 
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claims of the present application cannot properly be rejected based on the combination of 
the Pinkashov and Davis and either Kuehnle or Smalley. 

III. THE GROUP II CLAIMS ARE PATENTABLE OVER THE CITED ART 

The Group II claims are Claims 33, 35 and 36. The Group II claims stand rejected 
under 35 U.S.C. § 103 based on the combination of (1) Pinkahsov, Davis and Kuehnle and 
(2) Pinkahsov, Davis and Smalley. (See Final Office Action at ^[ 2, 3, pp. 2-7). Appellant 
respectfully submits that each of the Group II claims are patentable over the cited references 
for each of the reasons set forth in Section II above. In addition, Appellant submits that the 
Group II claims are also patentable over the cited art for at least one additional reason. 

Each of the Group II claims recite that the electric arc is used to "create a local 
high temperature zone within the furnace . . . while maintaining the inner walls of the 
furnace at a temperature below the temperature at which silicon carbide sublimes." 
Appellant respectfully submits that none of the cited references teach or suggest "using 
resistive or inductive heating to heat a furnace" while at the same time "maintaining the 
inner walls of the furnace at a temperature below the temperature at which silicon carbide 
sublimes." (See Claim 33). Appellant raised the above argument in Appellant's Response 
to Final Office Action. In response, the Examiner argued in the Advisory Action that the 
Group II claims do "not require heating the inner walls of the furnace." (Advisory Action 
at 4). The Examiner, however, apparently overlooked the recitation of Claim 33 that 
recites "using resistive or inductive heating to heat a furnace to a temperature below the 
temperature at which silicon carbide sublimes." Heating the furnace includes heating the 
inner walls of the furnace. Thus, as it is clear that the rejections of the Group II claims are 
based on a mistake by the Examiner regarding the actual elements included within the 
Group II claims, Appellant respectfully submits that the rejections of the Group II claims 
should be reversed. 

In any event, Appellant submits that: 

• Davis teaches heating the furnace walls to a temperature above the 

temperature at which silicon carbide sublimes. (See, e.g., Davis at Col. 1 1, 
lines 20-23). 
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• Pinkahsov does not teach or suggest that a furnace is even provided, as the 
electric arc is used solely to perform the vaporization. (See Pinkahsov at 
Col. 4, lines 5-41). 

• Smalley does not teach or suggest that a furnace is even provided, as the 
electric arc is used solely to perform the vaporization. (See Smalley at Col. 
2, lines 46-48). 

• Kuehnle teaches that a "cold" inert gas is flowed just inside the housing 
sidewall, indicating that in Kuehnle the housing is actually cooled as 
opposed to heated. (See Kuehnle at Col. 4, lines 3-12). 

This showing that the cited art does not disclose each of the recitations of the Group II 
claims is unrebutted. Accordingly, Appellant respectfully requests that the rejections of 
the Group II claims be reversed for this additional reason. 

IV. THE GROUP III CLAIMS ARE PATENTABLE OVER THE CITED ART 

The Group III claims are Claims 14 and 30. Appellant respectfully submits that each 
of the Group III claims are patentable over the cited references for the reasons set forth in 
Section II above. In addition, Appellant submits that the Group III claims are also patentable 
over the cited art for at least one additional reason. 

Claim 14 recites that "the internal temperature of the sublimation system, the 
position of the silicon carbide electrode and the second electrode, a voltage drop across the 
gap and a current conducted across the gap are configured so as to maintain the end of the 
silicon carbide electrode adjacent the gap at a substantially constant temperature during 
the sublimation process." Claim 30 contains a similar recitation. While the Final Office 
Action states that the combination of Pinkahsov and Davis in view of either Kuehnle or 
Smalley teaches these recitations, Appellant respectfully disagrees. Pinkahsov discloses a 
process where the temperature at the end of the electrode will vary (i.e., not remain 
constant), and Davis teaches that the temperature of the silicon carbide source material is 
varied throughout the sublimation process. Kuehnle and Smalley are silent regarding the 
temperature at the end of the electrode, and hence do not provide the necessary teaching. 
In any event, even if Kuehnle or Smalley taught the recitations of the Group III claims, no 
motivation has been identified for modifying the primary references - each of which teach 
away from maintaining the ends of the electrodes at a constant temperature - in this 
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manner. Accordingly, the Group III claims likewise aire independently patentable over the 
cited art for at least these additional reasons. 

In the Advisory Action, the Examiner takes the position that the recitations of 
Claims 14 and 30 are "recitation [s] of the intended use of the claimed invention," and 
hence canot patentably distinguish the invention from the prior art. (Advisory Action at 
5). However, the recitations at issue simply are not recitations of the intended use of the 
invention, but instead comprise one of the conditions that must be met to practice the 
claimed methods. Thus, as each of the recitations of the Group III claims are not taught or 
suggested by the cited references, the rejections of the Group III claims should be 
reversed. 

V. THE GROUP IV CLAIMS ARE PATENTABLE OVER THE CITED ART 

The Group IV claims are Claims 1 1 and 1 5. Appellant respectfully submits that 
each of the Group IV claims are patentable over the cited references for the reasons set forth 
in Section II above. In addition, Appellant submits that the Group III claims are also 
patentable over the cited art for at least one additional reason. 

Each of the Group IV claims recite that a "substantially constant pressure level is 
pre-selected for growth of a pre-selected polytype of silicon carbide." The Advisory 
Action takes the position that Davis teaches this recitation at Column 13, lines 1-25. 
Appellant respectfully submits that this is not the case. Specifically, the cited portion of 
Davis states that the furnace was initially maintained at a pressure of 400 Torr during the 
growth process. Then, over a period of 85 minutes, the system was slowly evacuated to 
reduce the pressure from 400 Torr to 10 Torr. The pressure remained at 10 Torr for 6 
hours, and then the pressure was increased to 760 Torr. Thus, the cited portion of Davis 
teaches that the silicon carbide was grown under a variety of different pressure conditions, 
and clearly does not teach or suggest pre-selecting a pressure level for growth of a pre- 
selected polytype of silicon carbide. Accordingly, the rejections of the Group IV claims 
should also be reversed. 

VI. THE GROUP V CLAIM IS PATENTABLE OVER THE CITED ART 

The Group V claim is Claim 12. Appellant respectfully submits that Claim 12 is 
patentable over the cited references for the reasons set forth in Section II above. In addition, 
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Appellant submits that Claim 12 is also patentable over the cited art for at least one additional 
reason. 

Claim 12 recites "raising the temperature of the silicon carbide electrode to a 
temperature lower than the temperature at which silicon carbide sublimes." Neither the 
Final Office Action nor the Advisory Action even attempt to explain where this recitation 
may be found in the cited references. Davis clearly does not teach it, as Davis does not 
disclose an electrode and, in any event, teaches heating the silicon carbide source material 
to a temperature above the temperature at which silicon carbide sublimes. Pinkashov, 
Kuehnle and Smalley do not teach raising the temperature of the silicon carbide electrode 
at all, aside from the temperature increase that is caused by the electric arc vaporization, 
and that temperature increase is, again, to a temperature above the temperature at which 
silicon carbide sublimes. Accordingly, Claim 12 is also independently patentable over the 
cited art for at least these additional reasons. 

V. CONCLUSION 

In light of the above discussion, Appellant submits that each of the pending claims is 
patentable over the cited references and, therefore, request reversal of the rejections of 
Claims 1-5, 7-24, 26-33, 35-36 and 46-48. 

Respectfully submitted, 

~l>.Z^d^'^ — 

D. Randal Ayers 
Registration No. 40,493 
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1 . (Previously Amended): A method of growing silicon carbide, the method 
comprising: 

introducing a seed of silicon carbide into a sublimation system; 

introducing a silicon carbide electrode into the sublimation system; 

introducing a second electrode into the sublimation system adjacent the silicon 
carbide electrode, wherein the silicon carbide electrode and the second electrode are 
separated by a gap; 

establishing an electric arc across the gap between the silicon carbide electrode and 
the second electrode to vaporize at least part of the silicon carbide electrode and cause at least 
some of the vaporized silicon carbide materials to form silicon carbide on the silicon carbide 
seed; and 

controlling the power dissipated across the gap to control a flow of vaporized Si, Si2C 
and SiC2 from the silicon carbide electrode to the seed of silicon carbide. 

2. (Original): The method of Claim 1, wherein the second electrode is a silicon 
carbide electrode. 

3. (Previously Amended): The method of Claim 2, wherein controlling the power 
dissipated across the gap further controls a flow of vaporized Si, Si2C and SiC2 from the 
second electrode to the seed of silicon carbide. 

4. (Previously Amended): The method of Claim 3, wherein controlling the power 
dissipated across the gap comprises moving at least one of the silicon carbide electrode and 
the second electrode as they vaporize during the sublimation process to maintain a constant 
gap between the silicon carbide electrode and the second electrode. 

5. (Original): The method of Claim 2, further comprising maintaining the pressure 
within the sublimation system at a substantially constant level during the sublimation process. 



6. (Cancelled) 
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7. (Previously Amended): The method of Claim 1 , wherein the power dissipated 
across the gap is controlled to maintain a substantially constant flow of vaporized Si, Si2C 
and SiC2 per unit area per unit time from the silicon carbide electrode to the seed crystal. 

8. (Previously Amended): The method of Claim 1, wherein controlling the power 
dissipated across the gap comprises moving at least one of the silicon carbide electrode and 
the second electrode during the sublimation process to maintain a constant gap between the 
silicon carbide electrode and the second electrode. 

9. (Original): The method of Claim 1 , further comprising moving at least one of the 
silicon carbide electrode and the second electrode to maintain a substantially constant 
separation between the silicon carbide electrode and the second electrode. 

10. (Original): The method of Claim 1, further comprising maintaining the pressure 
within the sublimation system at a substantially constant level during the sublimation process. 

11. (Previously Amended): The method of Claim 10, where the substantially 
constant pressure level is set to ensure that a specific polytype of silicon carbide is grown. 

12. (Original): The method of Claim 10, further comprising: 

raising the temperature of the seed to a temperature lower than the temperature at 
which silicon carbide sublimes; and 

raising the temperature of the silicon carbide electrode to a temperature lower than the 
temperature at which silicon carbide sublimes. 

13. (Previously Amended): The method of Claim 12, wherein the sublimation 
system includes a furnace, and wherein the method further comprises raising the temperature 
of the inner walls of the furnace to a temperature higher than the temperature of the seed. 

14. (Previously Amended): The method of Claim 1, wherein the internal temperature 
of the sublimation system, the position of the silicon carbide electrode and the second 
electrode, a voltage drop across the gap and a current conducted across the gap are configured 
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so as to maintain the end of the silicon carbide electrode adjacent the gap at a substantially 
constant temperature during the sublimation process. 

15. (Previously Amended): The method of Claim 14, where the substantially 
constant temperature is set to ensure that a specific polytype of silicon carbide is grown. 

16. (Previously Amended): The method of Claim 1, wherein controlling the power 
dissipated across the gap to control a flow of vaporized Si, Si2C and SiC2 from the silicon 
carbide electrode to the seed crystal comprises: 

sensing a voltage drop across the gap; and 

adjusting the relative location of the silicon carbide electrode and the second electrode 
so as to maintain the voltage drop at a constant level. 

17. (Original): The method of Claim 16, further comprising rotating the seed during 
at least part of the sublimation process. 

1 8. (Previously Amended): The method of Claim 1 , wherein establishing an electric 
arc between the silicon carbide electrode and the second electrode comprises activating an 
alternating current power supply that is electrically connected to one of the silicon carbide 
electrode and the second electrode. 

19. (Original): The method of Claim 18, wherein the frequency at which the 
alternating current power supply is operated is selected to maintain substantially the same 
rate of vaporization of the silicon carbide electrode. 

20. (Original): The method of Claim 2, wherein the silicon carbide electrode is 
formed by sintering silicon carbide powder. 

21 . (Original): The method of Claim 20, wherein the silicon carbide electrode is 
formed from an n-type carrier rich silicon carbide source powder. 
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22. (Original): The method of Claim 20, wherein the silicon carbide electrode is 
formed from a p-type carrier rich silicon carbide source powder. 

23. (Previously Amended): The method of Claim 2, wherein the internal temperature 
of the sublimation system, the pressure within the sublimation system and the voltage and 
current associated with the electric arc are maintained so as to heat a constant volume of the 
silicon carbide electrode above the temperature where sublimation occurs during a crystal 
growth phase of the sublimation process. 

24. (Previously Amended): A method of growing silicon carbide, the method 
comprising: 

establishing an electrical arc between a pair of electrodes spaced apart by a gap in 
order to electrically arc a silicon carbide source to sublimate silicon and carbon containing 
material from the silicon carbide source and cause at least some of the silicon and carbon 
containing material to form silicon carbide on a silicon carbide seed; and 

controlling the power dissipated across the gap to control the flow of vaporized Si, 
Si2C and SiC2 from the silicon carbide source to the silicon carbide seed. 

25. (Cancelled) 

26. (Previously Amended): The method of Claim 24, wherein the electrodes are 
silicon carbide electrodes that serve as the silicon carbide source. 

27. (Original): The method of Claim 26, wherein the power dissipated across the gap 
is controlled to maintain a substantially constant flow of vaporized Si, Si2C and SiC2 per unit 
area per unit time from the pair of silicon carbide electrodes to the silicon carbide seed. 

28. (Original): The method of Claim 26, wherein controlling the power dissipated 
across the gap comprises moving at least one of the pair of silicon carbide electrodes as they 
vaporize during the sublimation process to maintain a constant gap between the pair of silicon 
carbide electrodes. 
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29. (Original): The method of Claim 24, further comprising maintaining the pressure 
within the sublimation system at a substantially constant level during the sublimation process. 

30. (Previously Amended): The method of Claim 24, wherein the sublimation 
process occurs within a heated furnace, and wherein internal temperature of the furnace, the 
position of the pair of silicon carbide electrodes, the voltage drop across the spacing between 
the pair of electrodes and the arc current are configured so as to maintain the ends of the pair 
of electrodes adjacent the arc at a substantially constant temperature during the sublimation 
process. 

3 1 . (Original): The method of Claim 26, wherein controlling the power dissipated 
across the gap to control the flow of vaporized Si, Si2C and SiC2 from the pair of silicon 
carbide electrodes to the silicon carbide seed comprises: 

sensing a voltage drop across the gap; and 

adjusting the relative location of the silicon carbide electrodes so as to maintain the 
voltage drop at a constant level. 

32. (Previously Amended): The method of Claim 24, wherein the sublimation 
process occurs within a heated furnace, and wherein an internal temperature of the furnace, a 
pressure within the furnace and the voltage and current associated with the arc are maintained 
so as heat a constant volume of the silicon carbide source above the temperature where 
sublimation occurs during a the crystal growth phase of the sublimation process. 

33. (Previously Amended): A method of growing silicon carbide, the method 
comprising: 

using resistive or inductive heating to heat a furnace to a temperature below the 
temperature at which silicon carbide sublimes; 

using an electric arc to create a local high temperature zone within a the furnace that 
is above the temperature at which silicon carbide sublimes while maintaining the inner walls 
of the furnace at a temperature below the temperature at which silicon carbide sublimes; 

introducing a silicon carbide source material into the high temperature zone to 
sublimate silicon and carbon containing material from the silicon carbide source and cause at 



Pending Claims 
USSN 09/419,814 
Filed: October 15, 1999 
Page 6 

least some of the silicon and carbon containing material to form silicon carbide on a silicon 
carbide seed. 



34. (Cancelled) 



35. (Original): The method of Claim 33, wherein the silicon carbide source material 
is introduced into the high temperature zone by moving the silicon carbide source material. 

36. (Previously Amended): The method of Claim 33, wherein the silicon carbide 
source material is introduced into the high temperature zone by moving a heating source used 
to create the local high temperature zone. 



37. (Cancelled) 

38. (Cancelled) 

39. (Cancelled) 

40. (Cancelled) 

41. (Cancelled) 

42. (Cancelled) 

43. (Cancelled) 

44. (Cancelled) 



45. (Cancelled) 
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46. (Original): The method of Claim 1, wherein the silicon carbide seed is a 
monocrystalline seed of silicon carbide, and wherein the silicon carbide formed on the 
monocrystalline silicon carbide seed is monocrystalline silicon carbide. 

47. (Original): The method of Claim 24, wherein the silicon carbide formed on the 
silicon carbide seed is monocrystalline silicon carbide. 

48. (Original): The method of Claim 2, wherein the silicon carbide electrode is 
formed from silicon carbide powder grown by a chemical vapor deposition technique. 
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landlords *tf2-. a' secret society of Irish^American' miners 
n E Pennsylvania (c. 186S-1875). which ■ opposed oppres- 
sive induitW and social conditions. ' sometimes with 

ric3^&hlr): FVrenc (fe/rents) 1878-1952:; Hung, 
playwright & novelist, later m the U.b. 
Moloch (mo'tak. mal'ak). same as ^ E ^^"\W a 

spiny-headed Australian -lizard {Moloch 
Mb-lb-kai ■ (mo'lo MV) EHaw. < ?]' island of ..Hawaii, 
southeast of Oahu: site of a leper: colony: 259 sq. mi., 

IV? o^tov 0 (mfi'la taf), V(yacheslav) M(lkhaUoWcH) (born 

man; foreign minister of the y.b.b.K. ^^ y ~7 y v^ 0 ^?/ 
i\lolotov cocktail [after prec] [Slang] a- bottle filled with 
ffasoiine. etc. and wrapped in a saturated rag or piuggea 
w1?hTw"k ^ .ignited; and -hurled as an antitank grenade 
molt (molt) vi. [ME. mouten (with unhistoric -(- after 
fault, in which the letter was ong. silent) < OE. ifie)- 
mutian, to-exchange < L.mutarc, to change: see motateJ 
■ to cast off or shed the- hair, outer skin, horns, or fathers 
at certain intervals, prior to replacement of the castoff 
parts by a new growth: said of certain animals, as reptiles 
birds, etc. —vt. to replace by molting -^n. 1. the- act 
* or process of molting 2. the parts so shed — molt'er n. 
mol-ten (mol'fn) [ME.] archaic pp. of melt — ad, I. 
melted or licjuefied by heat 2. made by being melted and 

Moft--ke a (mait'k3) 1. Count Hel-muth (Johannes Ludwifi) 
von (hri'mootfSh). 1848-1916; Ger general r^ ' fSd 
Helmuth (KarJ Bernhard) von, 1800-91; Ger. held 

marshal: uncle of prec. 

mot- to (mol'to) adv. [It. < L. multum t much] Music 
very; much: used in musical directions a 
Mo-luc-cas (moluk'az) group of islands constituting a 
province of Indonesia, between Celebes & New Lminea. 



Mo 



c. 32,000 sq. mi,; pop. 790,000: also Molucca Islands 
mol. wt. molecular weight . . ., .w Jt 

mo-.lyi (mo'le) n. [L. < Gr. mdly] i. Classical' Myth, an 
herb of magic powers, as. in Homer's Odyssey . that given 
to Odysseus to protect him from Circe's incantation Z. a 
■ European wild garlic {Allium- moly) 
mol-y J (mal '5) n. clipped form o/^molyboenum . 
mo-lyb-date (ma lib'dat) n: a salt of molybdic acid v 
mo-lyb-de-nite Cma lib 'da nit' ) n. native molybdenum 
sulfide, M0S1. a scaly or foliated, lead-gray mineral; the 
chief ore of molybdenum ' , ' 

mo-lyb.de.num- (-nam) n. [ModL. < molybdena a- ead 
ore. molybdenite, altered <' L. molybdaenq.; lead, galena 
< Gr molybd'aina < molybdos, lead] "a soft, lustrous, 
silver-white metallic chemicaL . element/ used m; alloys, 
windings for electrical resistance' turnaces. points- for 
spark plugs, etc.: symbol.. Mo-, at. wt., 95.94; at. no.. 42; 
sS gr.7 10.2; melt, pt.. 2620°C; sublimes at 4507°C . 
mo-iyb-dic (ma lib/dik)' adj. Chem. designating or of com- 
pounds in which, molybdenum has a higner valence (usu- 
ally 3 or 6) than in . the. corresponding: moly bdous 
compounds . ■ . 

mo-lyb-dous (-das) adj. Chem. designating or of compounds 
in which molybdenum •' has a^ lower- valence than m the 
corresponding molybdic compounds 

mora (mam) n. [Colloq.] mother , - 

MOM A Museum of Modern Art ■ . 

*mom and pop store (stand, etc.) a small retail business, 

mor^Im^ ft^rArchaicL.' blockhead; fool^ ^ 
mo- merit (mo'mant) n/tME: < L. momentum, 1 ™vemenu 
■ impulse, brief space of time, importance^ < movimentum 
' < movere, to- move]' 1. an indefinitely pnei period ot time; 
instant 2. a definite point in time or m a series of- events 
3, a brief time of being important or outstanding 4; im- 
portance; consequence /"news of great moment! ■ 5. M ech 

a) the tendency to cause rotation about a point or a»J 

b) a measure of this tendency c) the product ot a (specified) 
•force, mass, volume, etc. ancV ^perpendicular ^tance 

from its axis, fulcrum, or plane- 6. Phtlos: any constituent 
eteSent of a complex entity -SYH. see lmportange 
—the moment the present or the immediate future - , 
md.men.tar-i.ly (mo'mari ter'a 15) adv. I. for a moment 
or short time 2. in an instant 3. .from moment to moment, 

moS?S (mo'man te^e) 
lasting for only a moment; passing; transitory .2 . J£T ow 
Rare! recurring every moment; constant 3. likely to 
o?cur at any moment —SYN. see transient. -mo'- 

r^^ent.'ly'cmS'mant le) adv. V. ttom instant to- instant; 
everv moment 2". at any moment 3'. for a single moment 
mofmen S (ma- men** n. erroneous sp. f ^^ 
^moment of truth 1. the ; point m a bullfight when. the 
matador faces the bull for the kill 2. a critical moment 
or time that tests and; reveals one's true self or makes- one 

mo^men^Sus (m5-men'tas) adj. of 'great moment;- very 
important [a. . ; momentous decision/ -mo- men 'tous-iy 
adv. mo-men'tous-ness n. \ ... 

mo. men- Cum (mo men'tsm); n., pi. -turns, -ta ^ta) 
[ModL < E.: see moment]' 1. the impetus of a moving 
object 2. strength or force- that keeps cam- 
pa gn that gained momentum}"^ Physics- b-'M ech the 
quantity of motion of a moving .object, equal to the 
product of its mass and its velocity rrr^r^ 

^om.i8m (mam'iz'm) n... [coined (1942) by PhUi^Wyhe. 
U S writer: cf. mom st -ism] excessive devotion to mothers 
that gives- them- a domineering - role over children 

Momm-sen (m6m'zan; E. mam'sln. -z n).. The-o-dor 
(ta'o d3r) 1817-1903; Ger; historian . . ^ . . 

mom- my (mam '3) n., pi. -mies child's term for mother 

Mo^mua (mo'rnas) [L. < Gr: Momos, lit., blame,- ndicu e] 
Gr. Myth, the god of- mockery and censure — n. a tauiu- 
finder or caviling critic 

Mon (mon) n. 1. ^. Mons, Mon any member of a people 
living in Burma east- of :. Rangoon. 2. their Mon-Khmer 

rnoT(mln) n; Scot. & North Eng. ™r\ °f f*"' - , 'i 
mon- (man) same ' as mono-: used' before a vowel , 
Mon. 1. Monastery . 2. Monday 3. Monsignor , ■ 
mon. 1. monastery 2. monetary ' , 

Mo-na (mo'na) [Ir. Muadhnaitl dim. of muadh, noble], a 

Jl^l^tnia'a «</.' ^L.(Ec) * 
LL.(Ec.) monocAui; see monk] same as monastic . 
mon'a-chlsm (-kiz'm) n. ". . 

mon-ac-id (man as fid) adj., n. same as monoacid 
Mon.a-co (man'a kfl". ma na'lco independent pnncip ah y 
on the Mediterranean; enclave m SE* France: 1/2 sq; mi.. 

m^nad °(mo'nad. man'ad) n [LU monas (&n. monatis) 
< Gr. Trtonw (gen. monados), a unit, unity < m ° n ?>' 
alone: see mono-] 1. a unit; something .simple and in- 
divisible 2.5*0/. a) any a simple, single-celled organism 
specif: a simple type of flagellated protozoan or .P">ust 
b) any of the- four nuclei formed at the completion or 



subjection 
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submit 



submittable 



Serbphrase. 8. ^^5^& I Sffiied or denied^ 9. 
something^s : said y ^J^ 0 ^Inything asdistinguished 
Philos. »)^.«^i?^25h5» 6) the mind,. or ega that 
from-.it* £ a ^^^^ 4 

thinks and feels, as fflW^fJ^ . or below- 2..to 

the -mind. -trf. 1 -'}SS t J? ( £ control' of; cause, to-.owe 
bring ««^^ n £g£K]& or vulnerable (to. subied- one- 
allegiance to n ^ # B fSexS/ 4. to cause to undergo- or 
self to the contempt o£oth^ *^ r someone 
experience- some action or^tre at men* pi** -before; 

to a thorough WjSfe- al«>wSt■-« lb, ^' ,,, ^a■ ^ 
submit fa pV*»^^ 0 ^ 

Sw.— subject the general ™^JcL subjeci at a talk,, painting, 
lilcussion, study, ^5^' d ^ el ^T elaborated 

Summon ^P^J^^^S^^o^m fbasebaU; is th«r 
< ^r^v™£»;f?St' a specifically applied to a 
favorite toptc of ™*"2-35'su bjecfrof "a sermon ...... - Af 

BibUcal passagecbOTen a^toesuD]!^ ' ju*MdfW}f, .of 

sub.jec-tivo (»b jekmv)jrf;.^*- J. r> of ^ affected by, 

or produced by the matt or a p ar tempe rament of the 
or resulting. W ^g™^ 0 WecSv«; Personal £a 
subject, or P ere0 ^ 7 tm 2 de? e rmined by and emphasizing 
subjective Judgment; A. Jeterminea £ 0 ^wnter. 
th? ideas, thoughts, ^^^fle^ng reality- 3. ; Gram; 
not. just rigidly ^nscnbmg or renecr* ^ ^ ^ ^ th 
<w nominativb^ W 1* ?£™ ^ the ^ind as opposed 
perception or concepttonof a tm^oy designating 

£t?e f nt*^^^^ 

oe«^ f&W^ 

sub- jec-tlv-tsm V" 12 "?'J^ . I^-^iati ve. never objective 
all knowledge » J»S£S?Si?£J£te5 .knowledge in-some 
2. any philosophic-theory | that '""gag rnitihg external 

•ffiScSSftSftb, thing or.tfc^cbnsiaeredin a book, 
sub- join (Bfa L'^fy- ^^metning) • at'the- end of what 

^^^^^^ 1MB.' 
under the yoke ,?S 0 ? ioSquer "2. to cause to 

"division of the ^WtModL. 

sub-late . (sab ^'l ^^'^^t^ ^Y. 
^^^i^-^ j^^tle granted by a 



O ^ 

UnteL (hence, on*.. n? ^ the /^^^ation- through 
exalted; tnajestoc 2 . uaapinng ^^j^^tandingly c-pc 
grandeur, beauty, etc.- - J" ' s ^Ume taste; 4. Archaic] 
Supremely .^/\^ r ^d. iofty/1 haughty i^upraised^ 
a) elated;, ^i^B^ <• Mfr 

aloft — trt. -limed 'i..™L™.t' 1 Ao^lift high < the. adj.] 
suHimtr.'<--^^^^^^^^^^ heating di- 
1. to make sublime 1 » PgW^S^ ■ theUapor -back 

into solid form- - "f,,. J£ u b.Uine'ness £ 
see: splendid:— sub i ■ > ttme<ly ' -*ju . fc LIMEN , at. At] 
sub-Urn ^nai (sub hm'a a p ^^nesV orr , apprehension; 
below the threshold of. -^™^2jg t Sscomev effective 

-ties somet^ng subhme^ i VmB; s »6Iiwg»a(w: see 

beneathv the: moon ;:terrestnac *- ei "_ ; , .. v<: . . 
sub'lu'nar; _^ j: /«,K/tTii ■ihen'Y : ^a> portable, auto- 

S S^*. ^K S5:< ;: ^ b l^mininmn, 

suteno«»plart'WMS^^i{^^ t ^ operate, under 
.^WarSS n ?hater a smaU. fast naval patrol- vessel. 

ber of a submarine ^rew — r • hero* sandwich. 
^submarine sandwich same <ts -"^ *^ ;8 y |M'odL.i 
tS.m a xai.la.(sub/ma^^ ■ . 

a^nt (-mS'de 3 nt) [sub-;'+ . MEDiANT^the 
•^•"•'fJi^sitSri- acalei tone just a 



Tnergfffff ^ Jw ^„nrcover with! water. or the iiKe; pm™ 
i. to place to-cover over? suppress; hide 

8u ^^(^j^-bmerged;^ecif:;Bo < r ? ^ 

be seen thrbugh a microscope rf , / . designating- or of 
than one des^ed as g^g^i.^. i&'ln* ^crcon; 
I'a.tVr't-xa'tton; n. — , Ayh tsiii.i submissive; hiimble';': 



lessee, to another, person of aU ^^^otIjoW a sublease sub-mfes (sabims.O aih ■f* t 3Sg l < OFr. < L. submvsw 
-vt. -leased';. rleaa'ln* to^^^ifiJf^ (sub les'6r. sub .mi8-sion (-^'^Ji^i^i, tBefaet of submitting^ 
0 £ _ub'les.«e'., (-les e'). «• . v . , < suimwJW. pp> of ^ %^<%% quaUty- or •condition- of 



sub'les 9r') n.-. . ":L+* Jntmni' " t-.'.to. let, to 

sub-let: (sub-let^ v ^^'^S5SS&rt«t-e«* 
another, (property. which one. is renonB;. xne-ara. ^r'-T ^,aa.»mBemenrwneTeo^-i«»--r- 

9 to ca^e deaS°a: iuW«(/.oi-dose of poison/ . ■ _ • " g bo ^ d by- the •decision • - pp. Q { sub- 

-mat'ed, -mat'lnft [ < U «*f** m f ^ ^bstanceV by subUming 
sublime]- 1. to purify orrefine (a su MtMce^oy on 

2. to have a punfying < g unacceptable im^ 

3. to express (socially or P e ^°™ c S^* acceptable forms, 
specif, sexual impulses) in ^^^^bUmation -«*</. 
S^^a^ SSSTth. product of sub- 
limation — sub'll-ma'tion n. 
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^elchW.' or^surfenden^^ 3; 
D eing> submissive; " "^^BSM^anotrier for decision 
the- act of; submitting ^^^ga^^hmbf-JBS^ 



to be ■ oouna oy- ".^r" j.r r>l -r. mtVmMJits, pp. ot ■ wr- 
1 „b.mi8.sive_U.s^ad;^ Lj iESffi'Sta«sy : » 
mt««r« (see-ff.) + "'SSle-- yielding — sub-mls'slTe- 

submit without resistance, docile, yieiQin«. 

ly adv. — sub-mls'sWe-ness n: m Ju*m»««? , ' 

sub.mit C-mit') *. -" it ' t ^ er -? ow ^"? Sm; to send: 
< L. submrUcrt < sub-, ' ^der. ao wn J f decision.. 
see mission] l ;t to present or J^er to cQ ^ 



suggest; propose — oi. 1. a) to yi« 
etc. of another or others; give in 
subjected [to treatment, analysi 
another's judgment or decision 3 
ent; humble, etc. — SYN, see' sum 
adj. — sub>mit'tal n. — oub mit't 
sub-anon- cane (sub'man'tSn) adj 
see- mountain] 1. located at th 
mountain range. 2. of or eharactt 
sub-mul-ti'ple (sub muUti p ! l) i 
number that will divide another - 
divisor (of a specified number) ■ ( 
sub»nor-mal (-nQr'm'l) adj. beio 
normal, esp: in intelligence — 
— sub'nor-mai'l-ty (-mal'3 te) n 
3ub*nu cle ar (-noo'klS ar, -ayo" 
of any of the particles within the 
sub-o ce an ic (sub'o she an'ik) i 
on or beneath the -ocean -floor 
sub-or bit al (sub ar'bit '1) adj. 
spaceflight in which the space era 
range trajectory instead of goinj 
the orbit of the eye 
sub.or-der (sub'Qr'dar) n. any a 
order of plants or animals — su 
sub>or-di-nate (sa'bflr'da*oit; foi 
ML. subordinatus, pp. of subardii 
ordinary to order: see' ordain] 
below another in rank, power, imj 
2. under the power or authority a 
or submissive 4. Gram : . function] 
or adverb within a sentence /"a 
subordinate clause — n. a subt 
— vt. -nat'ed, -nating 1. to 
position; treat as less important o: 
obedient or 1 subservient {to) ; cor 
dl-nate*ty adv; ^— aub-or'dl'iia'^ 
subordinate clause in a complex 
cannot function syntactically as 
itself; dependent clause: distingu: 
(Ex. : She will visit us if she can) 
subordinating conjunction a : cc 
subordinate words, phrases, or 
sentence element (Ex.: if, as, so, 
also subordinate conjunction 
sub'or di-na'tion (sa bdr'da nS's 
ing or being subordinated 2. 
submission to rank, power, or aut 
sub- or n (sa bornO r vt: [MPr.^w'fic 
furnish or supply, instigate, incit 
-j- ornarc, to furnish, adorn: see ( 
bring about through bribery or c 
to induce or instigate (another) 
esp. to commit perjury — sub'om 
sub'or.aa-tion (sub'Qr na'shan) i 
being suborned; esp., the crime- 
commit perjury (subornation of 
sub*ox ide (sub ak'sid) n. an oxid 
srrmu proportion of oxygen ' 
sub-phy.ium (sub'fi'lam) n., pi: - 
subdivision of a phylum 
sub- plot (-plat') n. a- secondary p 
sub poe na (ss pe'na) : n. [ME. 
sub poena, lit;,' under penalty: see 
legal order directing a ; person to 
testimony, show' specified records, 
1. to summon with such an order 
fied records, documents, etc.)' 1 
Also sp. sub-pe'na 
sub-pop-u-la-tlon (sub'pap ya la' 
a population, with' common, distu 
sub'prin'Ci-pal (sub prin'sa p'l) 
principal in a school, etc. 2. a st 
•3. Music an open diapason subbas 
*sub-pro.fes-siori-al (sub'pra f« 

PARAPROFESSIONAL 

sub-re gion (sub're'jan). n. any of 

-'esp. with reference to plant and a 

sub*rep-tion (sab rep'shan) n. [1 
pp. of subripere, surripere; to t 
surreptitious] 1. the fraudule 
representation ■ of facts so as to-'g 

desiasticai dispensation 2. a fab 
such deception — su b • rep clou 

sub ro gate (sub'ra gat') vt. 
subrogatus, surrogates: see SURRO* 
person) for another 

sub.ro.ga-tion (sub'ra -ga'shan) 
ML', subrogatio < L. subrogatus] 
substitution of one creditor for 
transference of the claims and rig 

sub ro-sa (sub rS'za) [L.. lit., un 
symbol of secrecy] secretly; pnva 

sub-rou tine (sub'roB ten') n. 1 
' tions. often used repeat edly, that c 

fat. ape, car; ten, even; is. bite; gd, 
a tor o in ago, e in agent, i in' sanity, c 
u\ Fr. due; r, Fr. cri; H t G. ich; k 
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and are considering an infinite chain of square wells. 
With this assumption, we may write 

«£•».- <#,-,■' >.+2 (S m *).+2 (3«H<. a). 

, i+\H it »+i J )«+ (H i^iEi t i_i 2 ) e . (6A) 

By the same argument we could combine, for instance, 
terms two and five, although this simplification is not 
used in Eq. (27). However, terms two and three are 
not identical, nor is 

These latter points can be proved by direct computation 
using the probability- distribution functions (25). 
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Solubility of Carbon in Silicon and Germanium 

R. I. Scace and G. A. Slack 

General Electric Research Laboratory, Schenectady, New York 

(Received December 4, 1958) 

The solubility of carbon in silicon has been measured over the temperature range 1560 to 2900°C. The 
enthalpy of solution is 59±3 kcal/moie. A phase diagram for the system Si— C is presented, embodying these 
solubility data as well as the results of other high-temperature experiments with silicon carbide. It is found 
that SiC possesses a peritectic point at 2830=fc40°C. These studies were carried out in argon at pressures 
as high as 35 atraos. Solubilities of carbon in germanium were measured in the temperature range 2780 to 
3170 C t at argon pressures up to 55 atmos, and a tentative phase diagram is given. 



apparent to the investigator as he gains facility using 
the diagrams. 

Denoting configurational average by a subscripted 
angular bracket, we have 

( <#> >.- IT+i <E i J).+2(B li B i . iH *). 
+2 

We may eliminate the summation and the factor *V~ l 
since terms whose indices can be made identical by 
replacing i by i+j are equal to each other. Strictly 
speaking, this means that we are neglecting end effects 



EXPERIMENTS WITH SILICON 
Introduction 

VTEITHER the solubility of carbon in silicon at 
11 high temperatures, nor the phase diagram of the 
system Si— C is known. Nowotny et a/., 1 in working 
with the ternary system Mo-Si-C, proposed two 
possible phase diagrams for the system Si-C. These 
were for pressures less than one atmosphere and were 
based on a limited number of experimental points so 
that a decision between the two could not be made. 
The solubility of C in liquid Si has been measured by 
Hall* up to 1710°C. Others 3 have found Si as an impurity 
in natural diamond, although the conditions of forma- 
tion are of course unknown. We present here some 
solubility measurements in liquid Si up to 2900°C, and a 
proposed phase diagram for the system. 

Experimental Procedure 

The experiments were carried out in a 50-kw graphite 
resistance furnace heated by 20 v maximum, 60-cy 

1 Nowotny, Parthe, Kieffer, and Benesovsky, Monatsh. Chem. 
85,255 (1954). 

*R. N. Hall, J. AppL Phys. 29, 914 (1958). 

1 F. G. Cheaky, Am. Mineralogist 27, 20 (1942); F. A. Raal, 
^.42, 354 (1957). » 



ac. This was enclosed in a water-cooled pressure vessel. 
Argon at a pressure of 35 atmos was used to reduce 
the tendency of the silicon to evaporate. The vapor 
pressure of silicon is about one atmosphere at 2800°C 
over both Si 4 and SiC. 5 Figure 1 shows the arrangement 
of the silicon container, heater, and shields which were 
used above 2000° C. The entire assembly was of graphite 
and was supported from the current terminals. On the 
basis of melting point measurements on iridium wires, 
the temperature variation over the container was be- 
lieved to be not over =b25°C from the value at the point 
of measurement. The mounting of the container within 
the heater tube was such that no current passed through 
the Si charge. In this way, changes in the state of the 
Si, and hence in its electrical resistivity, did not affect 
the temperature distribution. 

The Si was du Pont hyperpure grade, ground with a 
Pyrex mortar and pestle, screened, and leached with 
HF to remove any glass contamination in the Si from 
the mortar. The graphite container was filled with 
100 mesh Si (about 0.5 g) and closed with a graphite 
end plug. No carbon was added; the carbon which was 



4 R. E. Honig, J. Chem. Phys. 22, 1610 (1954). 

1 Drowart, de Maria, and Inghram, T. Chem. Phys. 29, 1015 

(1958). . 
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• We are indebted to R. L. Shepard, of the National Carbon 
Company Research Laboratories, for some samples of a suitable 
high-purity graphite. 



Fig. 1. Graphite resistance furnace (axial cross section). 

taken into solution by the liquid silicon came from the 
walls of the container. 

After assembly of the furnace, the pressure vessel 
was evacuated; it was then refilled twice with argon to 
a pressure of 20 atmos, vented to atmospheric pressure 
each time, and finally filled to the operating pressure. A 
manostat maintained the pressure within ±1 atmos. 
. The length of time that the charge was kept at the 
operating temperature was a compromise. A long time 
ensured equilibrium, but for long times the Si loss 
became excessive with graphite containers. Usually 
temperature was kept constant at the desired value 
tor periods of one-half to two minutes. No dependence 
of the C solubility upon the duration of run was ob- 
served. The charge was cooled as rapidly as possible 
after the run by simply shutting off the power to the 
furnace. Initial cooling rates of 50°C/sec were typical. 

Analysis 

The carbon which was in solution in the liquid silicon 
at high temperatures crystallizes as SiC upon cooling. 
The Si slug containing the SiC was recovered by oxidiz- 
ing away the graphite reaction vessel at 1100°C in an 
Os atmosphere. Less than 0.2 mg of SiOj was produced 
by this treatment. The original charge of Si could be 
accounted for in four portions: 

1. Some had reacted with the container, forming a 
microcrystalline mass of SiC within the pores of the 
graphite container. Use of a dense graphite (1.90 
g/cm 3 )* for the containers was necessary to avoid 
excessive losses in this way. This loss occurred mainly 
during the furnace warm up after the silicon liquified, 
and in unfavorable cases amounted to over 50 percent 
of the initial charge. 

2. Some remained within the container as elemental 
Si, frozen into a small slug. This generally ranged from 
10 percent to 60 percent of the initial charge of 500 mg, 
depending on the porosity of the container. 

Some precipitated as SiC during cooling of the 
fm uace. Most of the SiC was enclosed within the frozen 



mass of Si, although some may have segregated to the 
surface of the Si. No free C remained within the piece of 
silicon, as determined both by microscopic examination 
and by chemical analysis of the residue which remained 
after the silicon was removed by etching. 

4. Little if any Si was lost by evaporation because of 
the blanketing effect of the argon and the low porosity 
of the graphite container. 

The slug of elemental Si containing the precipitated 
silicon carbide was lightly sandblasted to remove SiC 
which was formed in the walls of the graphite container 
and adhered to the surface of the slug. A thin layer of 
silicon (less than 25 ju) was removed from the slug 
during the sandblasting. After the sandblasted slug 
was weighed, the Si was etched away in a mixture of 1 
part HF to 3 parts HNOj. The SiC residue, which was 
not attacked by the etch, was dried and weighed. The 
carbon solubility at the operating temperature of the 
furnace was computed from the ratio of the mass of 
SiC to the mass of Si in the slug. 

The major source of error in this procedure was the 
separation of the SiC formed by surface reaction with 
the container from that formed by reaction with dis- 
solved carbon. It is felt that the experiments done in 
graphite gave a lower limit to the solubility of C in Si, 
because some dissolved SiC which was segregated to the 
surface during cooling may have been lost in sand- 
blasting. Because only a thin layer was removed it is 
believed that at least 90 percent of the SiC is retained 
in the slug. Also, from the reproducibility of experi- 
ments one concludes that this loss was not serious. 
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Fig. 2. The solubility of C in Si as a function of temperature- 
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Two of the measurements at temperatures below 
7000°C were made in the same furnace, but with a 
different heater and an A1*0 3 container (see Fig. 2). 
This change was necessary because a larger melt 
,10-20 g) was needed to dissolve a measurable amount 
ji carbon. In the latter experiments, a weighed crystal 
jf SiC was included in the melt, and its weight loss was 
jsed to determine the solubility. As, a, check, the SiC 
patent of the Si melt was also found.' About 2/3 of the 
;iC which was dissolved from the crystal was recovered. 
The total amount of SiC lost from the crystal was 5-10 
trig. These experiments in ceramic containers were done 
in order to provide a comparison with those carried out 
in graphite. These data are upper limits to the solubilitv, 
because ail the SiC lost from the weighed piece was 
considered to have gone into solution even though some 
redeposition of SiC on the walls of the container may 
have occurred during the run. The agreement between 
die measurements performed in AW), and those per^" 
lurmed in graphite is good, as can be seen from Fig. 2. 
A measurement of the solubility at the Si melting point 
«s made by W. C. Dash. This was performed in vac- 
uum using a pedestal technique. 9 A vertical bar of Si, 
clamped at the bottom, was heated at the top until 
i portion melted. Then a carefully weighed crvstai of 
mC of about 4.1 mg was inserted from above into the 
melt and sank until it rested at the liquid-solid inter- 
lace. After about 10 min the melt was refrozen. The St 
rhich surrounded the SiC crvstai was removed by 
Hching and again the SiC crystal was weighed. The 
xeight loss and the mass of Si in the melt enabled the 
solubility to be found. The carbon solubility in liquid 
■ihcon at the melting point is 3.0±0.3X10 18 A/cm 1 . 

Temperature Measurement 

All temperature measurements were made with a 
, ed u * N ° rthru P ^ S622-C optical pyrometer 
xfnen had been recently standardized. Calibration 
rrrors are known to within ±2°C on the low-tempera- 
wre (L) scale. Correspondingly the higher temperature 
*ales have at most a ±10°C error. Measurements of 
transmission through the sight tube window of the fur- 
nace were made separately using a tungsten strip lamp 
inside the furnace as a source, with the window alter- 
nately in place and removed. This allowed an accurate 
correction to be made for transmission losses. During 
operation the surface of the Si container was visible 
u the bottom of a hole in the heater tube two diameters 
'leep. The rough walls of the hole and the high emis- 
Mvity of graphite both tended to make the hole equiva- 
lent to i a blackbody. The temperature drop across the 
•vail of the Si container was found as a function of 
temperature by direct measurement on an empty 
container which had a hole through to the interior, 
l his hole was so positioned that both internal and 




irI lG : 3 * PhaSC dia « ram ol the 3 . vst "n Si-C for pressures above 

surface temperatures could be measured at the same 
time. A useful check on the pyrometer was obtained 
from a plot of heater current w absolute temperature 
squared. Above about 1700°C this plot was linear, in- f f 
dicating that radiation was by far the most important ! / 
mechanism of energy loss. H 

As a final test, the melting points of Ir (2454°C) 
and Mo (2622°C) were measured, care being taken to 
avoid contact between the metal and carbon. We 
obtained 2446°C and 2634°C, respectively. 

Pyrometry errors may be estimated as follows: 
setting and calibration errors on the instrument^ 
±10°C; window transmission uncertainty, ±20°C* 
and error in the temperature drop across the reaction 
container wall, =fclO°C. 

Results 



on of temperature. * \V. C Dash, J. Appl. Phys. 29, 736 (1958). 



The solubility of C in Si as a function of temperature 
is given in Fig. 2. Some curvature may be noted at 
concentrations of five atom percent and more, pre- 
sumably because the solution is nonideal. We find the 
solubility to be about 1/5 of that reported by Hall. 2 
Recent experiments by J. H. Racette 7 of this laboratory, 
in a fused quartz apparatus similar to that used by Hall* 
indicate that this discrepancy was most likely due to 
the presence of sufficient oxygen in the melt in Hall's 
experiment to remove much of the dissolved carbon 
as CO or CO*. The oxygen presumably came from the 
quartz (SiO t ) . In that case the carbon solubility would 
have appeared to be too high because the SiC crystal 
placed in the melt continuously lost carbon. Racette's 

7 J. H. Racette (private communication). 
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Fig. 4. The solubility of C in Ge as a function of temperature. 

experiments show an apparent increase in solubility 
as the duration of the experiment is increased. 

The linear portion of the curve beiow 1A% carbon 
' as a slope corresponding to an enthalpy of solution of 
,9 kcal/mole, as calculated from the expression 

.v= exp {(^/i?)C(i/r)-(i/r m )]). (i) 

In this equation, x is the fractional atomic concentra- 
tion of carbon in silicon at temperature T t MI is the 
enthalpy of solution, R is the gas constant per mole, 
and T n is the temperature intercept at unit carbon 
fraction obtained by extrapolation of the linear portion 
of the solubility curve. Depending on how the line is 
drawn through the data points, AH may varv ±3 
kcal/mole. 

In the course of these experiments it seemed worth- 
. while to explore as much of- the phase diagram of the 
■ system Si-C as was accessible. Attempts were made to 
melt SiC in graphite containers similar to those used f or 
tfie solubility ejrperunj^s^^ 
.'well in excess of the decomposition pressure in all- ; 
Experiments. -A* transformatroir of'some orij^aJIyTigHt 
gr e e n,- ty pe '6H, hexagonal, 120-mesh, SiC grain to. a 
markedly different structure occurred at temperatures 
of 2830d=40°C and above. The SiC found after the 
transformation was cubic, as analyzed by x-rays. 
Heating to lower temperatures resulted only in a sinter- 
ing together of the grains without any gross structural 
change. This experiment was repeated with cubic SiC 
grain as the initial charge. It decomposed at the same 
perature, and the SiC found after the transfonna- 
| . u was also cubic. From this/ and from evidence 
I gained from other experiments with SiC at elevated 
. temperatures, we conclude that SiC decomposes without 
congruent melting, resulting in a silicon-rich liquid in. 



equilibrium with graphite at temperatures from 2830V 
to at least 3160°C. The liquid composition at this latter 
temperature is approximately 50 atom percent carbon 1 " 
When the liquid resulting from the decomposition of 
SiC is cooled below the decomposition temperature 
the Si reacts with the dissolved and suspended carbon 
to form the cubic SiC found by x-ray analysis. 
. Experiments have also been performed in which cubic 
SiC grains have been heated in graphite tubes in thu 
furnace to temperatures slightly below 2830°C. At the 
end of a run lasting several minutes the original cubic 
SiC is still present although slightly sintered together 
Other experiments have been conducted in this appara- 
tus in which both cubic and hexagonal crystals of Sir 
have been grown side by side from the vapor phase at 
temperatures of 2600°C. These growing experiment, 
lasted several hours. It is therefore concluded that cubic 
SiC is stable at these temperatures and does not readily 
transform into hexagonal SiC in contrast to the con- 
clusions of Baumann. 8 However, it should be noted thai 
the conditions in the present experiments are not thr 
same as those found in commercial SiC furnaces. 

Difficulty was encountered in attempting to extend 
the solubility measurements above 3000°C. Even thr 
high-density graphite containers would not hold liquid 
silicon at these temperatures. Furthermore the interpre- 
tation of the chemical analysis became difficult becausr 
the sample after cooling to room temperature usually 
contained silicon carbide, silicon, and carbon in a carbon 
container. 

The phase diagram shown in Fig. 3 incorporates lh»- 
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^ Fig. 5. Tentative phase diagram of the system Ge-C for p rf * 
sures above 108 atmos. 
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findings described above, the melting point of carbon 
given by Basset, 9 and the melting point of silicon given 
by PelL 10 It confirms the general features of the dia- 
grams proposed by Nowotny et a/. 1 and quoted by Han- 
sen. 11 Note that in Fig. 3 the ambient pressure is 
assumed to be high enough that solid or liquid phases 
are always present. This will be at least 108 atmos for 
pure carbon at 3730°C, since this is 'tlfe vapor pressure 
over carbon at the triple point. 9 At lower temperatures 
the required pressure will be less. With a pressure of 
35 atmos a temperature of about 3400°C can be 
reached/ 

EXPERIMENTS WITH GERMANIUM 

The solubility of carbon in germanium has ap- 
parently not been previously reported. Using the fur- 
nace shown in Fig. 1, we have heated Ge in graphite 
containers to temperatures between 2780°C and 3170°C 
and have analyzed the results. The upper temperature 
limit of 3170°C was set by the requirement that the 
germanium e vapo ra tipn _ral£ w Jxe kept low with a 
maxi mum ^argon pressure of 55 atmo s. At temperatures 
below "2780°C the amount of carbon dissolved in the 
limited volume of liquid germanium was too small to 
measure accurately. The Ge had been previously zone 
refined; the containers were machined from spectro- 
scopic graphite with a density of 1.7 g/cm 3 . *"~ 

The samples were recovered by cracking apart the 
graphite containers. The germanium did not adhere 
to the graphite, and was in the form of a shiny slug. 
After weighing, the slug was etched in a mixture of one 
part HF in three parts HN0 3 . The residue was partly 
precipitated graphite in the form of small flakes and 



partly Ge. Apparently the etch was unable to leach all 
the Ge from the graphite flakes because of the hydro- 
phobic nature of graphite. The residue was therefore 
roasted in Cl 2 at 1000°C in a quartz crucible to remove 
the Ge by the formation of volatile GeCl* After the 
remainder of the residue was weighed, it was then 
burned in Oj at 1000°C to form COr No evidence of 
GeO or Ge0 2 was found after the oxidation, indicating 
that the residual Ge had indeed been removed from the 
graphite. 

The results are shown in Fig. 4. If the solubility line 
were extrapolated to the melting point of Ge, the con- 
centration of C in the liquid would be about 10 s atoms 
per cm 3 . This is probably a lower limit. The carbon- 
germanium system is n gnideal and such an extrapola - 
tion is maccurat^JTnls^xtrapolated solubility is a fac!5>\ 
^of a&but iffi less than the carbon concentration in liquid J 
\ silicon at its melt ing point/ No evidence ot comfou'na j 
^ fuiiiidliuii "between carbon and germanium was found I 
up to temperatures of 3170°C. The C — Ge phase 
diagram therefore appears to be quite simple, and a 
tentative sketch is shown in Fig. 5. A simple eutectic 
point probably exists very slightly below the melting 
point of Ge at 937°C. 12 This is qualitatively similar 
to the C — Pb and C — Sn systems as deduced from the 
solubility studies of C in Pb and in Sn at temperatures 
up to 2300°C. 13 
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THE Si-C AND Ge-C PHASE DIAGRAMS* 
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Abstract-The so.ub.lity of carbon ,n suicon ^^^^.Tp^SSS 
rang c 14(»8«C ,o2900°C. Th« = enthalpy of sob ,on thu r Llts of 

the system Si-C is presented, embodymg hese so juM«y « « t p0SSCSS es a 

other high temperature -P"^^,^ -J^"^.^ at pressures a, 
i5Sr SoSiet o" arboT in ^errnaniun, were rneasurec .in*, temperature ran g e 
8 2780°C to 317U°C, at argon pressures up to oo atm. 

,„ *. U.„«»r. » silicon »,bid, «. fc* «#»«. - •« J^.*™ 

si " r- ; ^i^r"" 

SiC. The heat of formation data of Humphrey et at. , » h ^?P* ^J, coul J be 

-r^i' ^ ~ — 

container which was used in the expenments on the solubility 01 car 

container is supported in such a way that it carries no current. Abou, ££W available 

• A more complete account of this work has been accepted for publication in the Journal of 

Chemical Physics. 
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To determine the solubility of C in Si, the inner container was filled with Si. The 
container was sealed with a tight fitting plug, assembled into the furnace and heated to 
some temperature between 2100 °C to 2900° C. Thermal equilibrium was achieved quite 
rapidly, and the sample was held at a fixed temperature for one or two minutes, after 
which the power was shut off. Then the furnace temperature decreased rapidly by 
radiation cooling and the Si inside froze. The graphite container was removed from the 
furnace and burned away from the Si by heating in 0 2 . The original charge of Si can be 
accounted for as follows: 

1. Some had reacted with the container, forming a micro- crystalline mass of SiC 
within the pores of the graphite. 

2. Some remained within the container as elemental Si, frozen into a slug. This ranged 
from 10 to 60 per cent of the initial charge of 500 mg. 

3. Some combined with the dissolved C in the liquid Si, and precipitated within the 
frozen slug of Si as SiC. No free C was found inside the slug of Si. 

4. Very little, if any, Si was lost by evaporation because of the blanketing effect of the 
high pressure argon atmosphere, and the low permeability of the high density graphite. 

The loosely adhering SiC, formed by reaction with the container, was carefully 
removed from the frozen slug. The slug was then weighed, etched in HF-HN0 3 to 
remove the Si, and the remaining SiC found inside the Si slug was weighed. With these 
data the solubility could be found for the temperature in question. 
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Fig. 3. The solubility of carbon in silicon as a function of reciprocal temperature. 
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Below 2000 °C the solubility is so low that an accurate determination with 500 mg of 
Si solvent was impossible. Two runs of 10 and 20 g melts were done in recrystallized 
alumina crucibles, with a different furnace arrangement in the pressure vessel. Here a 
weighed single crystal of SiC was included in the melt, and its weight loss combined with 
the known weight of Si in the* melt enabled the solubility to be found. 

Finally, Dash 2 performed a measurement of the solubility at the Si melting point, 
again by measuring the weight loss of a single crystal of SiC. His melt of Si was supported 
on top of a pedestal 1 of Si in vacuum. The SiC crystal rested on the liquid-solid inter- 
face, so there is little question of temperature measurement accuracy. 

These data are all summarized in Fig. 3. The consistency of the results of the various 
experiments is good. Two points of particular interest are the solubilities of carbon in 
liquid Si at the Si melting point, 5 x 10 " 3 atom per cent (5 x 10 17 C/cm s Si),and at the 
decomposition temperature of 2830 °C. This is the maximum temperature at which SiC 
could be grown from a Si solution, and the carbon content of the melt here is 19 atom 
per cent. This high solubility indicates that growth from solution is feasible. The vapor 
pressure of Si over Si 8 and over SiC 3 at this temperature is of the order of 1 arm and 
rising rapidly, so the need for a pressurized atmosphere to maintain stable conditions for 
any length of time is apparent. 

Another way of plotting these data is on a temperature vs. composition phase diagram, 
Fig. 4. The behavior of SiC at the decomposition temperature is more clearly seen. This 
temperature, 2830 C C, was found by heating samples of SiC grain in containers such as 
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were used for the solubility measurements. All samples whose temperature exceeded this 
value were decomposed, while none were affected which were cooler. Two fortunate 
trials, one with hexagonal SiC and one with cubic, were half decomposed and half not, 
so the temperature was determined as closely as pyrometry errors will allow. 

Some measurements have also been performed on the C solubility in Ge, in a manner 
similar to that used for Si. Figure 5 shows a tentative Ge-C phase diagram based on these 
measurements. Solubilities of 12 per cent at 3170 °C were reached, where the Ge vapor 
pressure is several atmospheres. No evidence of compound formation was seen. A very 
rough extrapolation of these data to the melting point of Ge can be made, indicating that 
the C solubility in liquid Ge at this temperature is of the order of 10»° C/cm Ge. 
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Sir: 

This Appeal Brief is filed in triplicate pursuant to the Notice of Appeal to the 
Board of Patent Appeals and Interferences mailed October 20, 2003. 

REAL PARTY IN INTEREST 

The real party in interest is assignee Cree, Inc., Durham, North Carolina. 

RELATED APPEALS 

Appellant is aware of no appeals or interferences that would be affected by the 
present appeal. 

STATUS OF CLAIMS 

Claims 1-5, 7-24, 26-33, 35-36 and 46-48 remain pending. Each of these claims 
currently stands finally rejected. Appellants appeal the final rejection of Claims 1-5, 7-24, 
26-33, 35-36 and 46-48. The attached Appendix A presents the claims at issue as finally 
rejected in the Official Action of July 8, 2003 and the Advisory Action of October 9, 2003. 

STATE OF AMENDMENTS 

The attached Appendix A presents the claims as they currently stand. Each of the 
claims remains as filed or as amended in the Amendment dated May 1, 2003. All 
amendments have been entered in the present case. 
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SUMMARY OF THE INVENTION 

Pursuant to embodiments of the present invention, methods of growing silicon 
carbide crystals using electric arc sublimation techniques are provided. (Specification at 
5, lines 1-2). Sublimation refers to a process whereby a material is converted from a solid 
state directly into a gaseous state and thereafter the resulting gas vapors are condensed 
back into a solid form. (See Webster's New World Dictionary at 141 8, Appendix B). In 
embodiments of the present invention, at least one silicon carbide electrode may be placed 
in a sublimation system. (Specification at 5, lines 2-8). An electric arc may then be 
created between the silicon carbide electrode and a second electrode that raises the 
temperature of the silicon carbide electrode adjacent the arc to a temperature sufficient to 
sublime the silicon carbide. (Specification at 5, lines 2-8). In other embodiments of the 
invention, a localized heat source may be used instead of the electric arc to raise at least a 
portion of the silicon carbide source material to a temperature at which it sublimes. 
(Specification at 5, lines 8-10). 

The power dissipation across the electric arc may be controlled to create a constant 
flow of vaporized Si, Si 2 C and/or SiC 2 from the silicon carbide source independent of both 
the internal temperature and/or pressure of the sublimation system. (Specification at 5, 
lines 11-15). This may be accomplished, for example, by adjusting the position of one or 
both electrodes as the electric arc consumes the end of the electrodes so as to maintain a 
constant gap between the electrodes over time. (See, e.g., Specification at 10, lines 21-29). 
By using the power dissipation level across the electric arc as a means for maintaining a 
constant flux, the temperature and pressure of the sublimation system may be 
independently set to grow a desired polytype of silicon carbide. (Specification at 1 1, lines 
19-29). This differs from conventional silicon carbide sublimation techniques where the 
pressure and/or temperature may be adjusted throughout the process in an effort to 
maintain a relatively constant source-to-seed flux of the vaporized silicon carbide. 
(Specification at 1 1, lines 19-29). 

ISSUES 

1. Are Claims 1-5, 7-12, 14-17, 20, 23-24, 26-33, 35-36 and 46-47 properly 
rejected under 35 U.S.C. § 103(a) as being unpatentable over Pinkahsov (U.S. Patent No. 
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4,978,556) in view of Davis (U.S. Patent No. RE 34,861) and Kuehnle (U.S. Patent No. 
5,879,518)? 

2. Are Claims 1-5, 7-12, 14, 17-20, 23-24, 26-30, 32-33, 35-36 and 46-47 
properly rejected under 35 U.S.C. § 103(a) as being unpatentable over Pinkahsov in view 
of Davis and Smalley (U.S. Patent No. 5,227,038)? 

3. Is Claim 13 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Jaussaud (U.S. Patent No. 6,1 13,692), and 

Kuehnle or Smalley? 

4. Are Claims 18-19 properly rejected under 35 U.S.C. § 1 03(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle and Fey (U.S. Patent No. 
4,582,004)? 

5. Are Claims 21-22 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Otsuki (U.S. 
Patent No. 6,090,733)? 

6. Are Claims 22 and 48 properly rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Kijima (U.S. 
Patent No. 5,093,039)? 

GROUPING OF CLAIMS 

Claims 1-5, 7-24, 26-33, 35-36 and 46-48 stand rejected as obvious under 35 
U.S.C. § 103. For the purposes of this appeal, Appellant submits that Claims 1-5, 7-10, 
13, 16-24, 26-29, 31-32 and 46-48 may be considered as standing or falling together (Group 
I), Claims 33, 35 and 36 may be considered as standing or falling together (Group II), Claims 
14 and 30 may be considered as standing or falling together (Group III), Claims 1 1 and 1 5 
may be considered as standing or falling together (Group IV) and Claim 12 may also be 
considered as standing or falling independently of the remaining claims (Group V). 
Appellant submits that the above-listed groups of claims are separately patentable for the 
reasons discussed below. 
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ARGUMENT 

I. INTRODUCTION 

Each of the claims of the present application stands rejected as obvious under 35 
U.S.C. § 103. A determination under Section 103 that an invention would have been 
obvious to someone of ordinary skill in the art is a conclusion of law based on fact. 
Panduit Corp, v. Dennison Mfg. Co, 810 F.2d 1593, 1 U.S.P.Q.2d 1593 (Fed. Cir. 1987), 
cert, denied, 107 S.Ct. 2187. After the involved facts are determined, the decision maker 
must then make the legal determination of whether the claimed invention as a whole 
would have been obvious to a person having ordinary skill in the art at the time the 
invention was unknown, and just before it was made. Id. at 1596. The United States 
Patent and Trademark Office has the initial burden under Section 103 to establish a prima 
facie case of obviousness. In re Fine, 837 F.2d 1071, 5 U.S.P.Q.2d 1596, 1598 (Fed. Cir. 
1988). 

To establish a prima facie case of obviousness, the prior art references cited in the 
rejection, when combined, must teach or suggest all the recitations of the claims, and there 
must be some suggestion or motivation, either in the references themselves or in the 
knowledge generally available to one of ordinary skill in the art, to combine the reference 
teachings in the manner suggested. M.P.E.P. § 2143. The mere fact that references can be 
combined or modified does not render the resultant combination obvious unless the prior 
art also suggests the desirability of the combination. M.P.E.P. § 2143.01, citing In re 
Mills, 916 F.2d 680, 16 U.S.P.Q.2d 1430 (Fed. Cir. 1990). As emphasized by the Court of 
Appeals for the Federal Circuit, to support combining references, evidence of a 
suggestion, teaching, or motivation to combine must be clear and particular, and this 
requirement for clear and particular evidence is not met by broad and conclusory 
statements about the teachings of references. In re Dembiczak, 50 U.S.P.Q.2d 1614, 1617 
(Fed. Cir. 1999). Thus, in support of a Section 103 rejection, particular evidence from the 
prior art must be provided showing why a skilled artisan, with no knowledge of the 
claimed invention, would have combined the cited references in the manner claimed in the 
rejection. In re Kotzab, 55 U.S.P.Q.2d 1313, 1317 (Fed. Cir. 2000). 

Furthermore, as recently stated by the Federal Circuit with regard to the selection 
and combination of references: 
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This factual question of motivation is material to patentability, and could not be 
resolved on subjective belief and unknown authority. It is improper, in determining 
whether a person of ordinary skill would have been led to this combination of 
references, simply to "[use] that which the inventor taught against its teacher." 
W.L. Gore v. Garlock, Inc., 721 F.2d 1540, 1553, 220 USPQ 303, 312-13 (Fed. 
Cir. 1983). Thus the Board must not only assure that the requisite findings are 
made, based on evidence of record, but must also explain the reasoning by which 
the findings are deemed to support the agency's conclusion.... 

In re Sang Su Lee, 211 F.3d 1338, 1343 (Fed. Cir. 2002). 

Appellant respectfully submits that the pending claims are patentable over the cited 
references because the cited combination fails to disclose or suggest all of the recitations 
of the pending claims, and because the reasoning behind such combination has not been 
established. The patentability of the pending claims is discussed in detail hereinafter. 

II. THE GROUP l-V CLAIMS ARE PATENTABLE OVER THE CITED ART 

Claims 1-5, 7-12, 15-17, 20, 23-24, 26-29, 31-32 and 46-47 stand rejected under 35 
U.S.C. § 103(a) as being unpatentable over Pinkahsov in view of Davis and Kuehnle. 
(Final Action at H 2, pp. 2-5). Claims 1-5, 7-12, 17-20, 23-24, 26-29, 32, and 46-47 stand 
rejected under 35 U.S.C. § 103(a) as being unpatentable over Pinkahsov in view of Davis 
and Smalley. (Final Action at \ 3, pp. 5-7). Claim 13 stands rejected under 35 U.S.C. § 
103(a) as being unpatentable over Pinkahsov in view of Davis, Jaussaud, and Kuehnle or 
Smalley. (Final Action at K 4, pp. 7-8). Claims 1 8-19 stand rejected under 35 U.S.C. § 
103(a) as being unpatentable over Pinkahsov in view of Davis, Kuehnle and Fey. (Final 
Action at K 5, pp. 8-9). Claims 21-22 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Otsuki. (Final 
Action at 1f 6, pp. 9-10). Claims 22 and 48 stand rejected under 35 U.S.C. § 103(a) as 
being unpatentable over Pinkahsov in view of Davis, Kuehnle or Smalley and Kijima. 
(Final Action at ^ 7, pp. 10-1 1). For the reasons discussed below, Appellant respectfully 
submits that all of these claims are patentable over the cited art. 

A. The Rejections Should Be Reversed Because Pinkahsov Does 
Not Teach Growing Silicon Carbide Via Sublimation 

The present application includes three independent claims, Claims 1, 24 and 33. 
For the Court's convenience, each of these claims are reproduced below: 
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1 . A method of growing silicon carbide, the method comprising: 

introducing a seed of silicon carbide into a sublimation system; 

introducing a silicon carbide electrode into the sublimation system; 

introducing a second electrode into the sublimation system adjacent the 
silicon carbide electrode, wherein the silicon carbide electrode and the second 
electrode are separated by a gap; 

establishing an electric arc across the gap between the silicon carbide 
electrode and the second electrode to vaporize at least part of the silicon carbide 
electrode and cause at least some of the vaporized silicon carbide materials to form 
silicon carbide on the silicon carbide seed; and 

controlling the power dissipated across the gap to control a flow of 
vaporized Si, Si 2 C and SiC 2 from the silicon carbide electrode to the seed of silicon 
carbide. 

24. A method of growing silicon carbide, the method comprising: 
establishing an electrical arc between a pair of electrodes spaced apart by a 
gap in order to electrically arc a silicon carbide source to sublimate silicon and 
carbon containing material from the silicon carbide source and cause at least some 
of the silicon and carbon containing material to form silicon carbide on a silicon 
carbide seed; and 

controlling the power dissipated across the gap to control the flow of 
vaporized Si, Si 2 C and SiC 2 from the silicon carbide source to the silicon carbide 
seed. 

33. A method of growing silicon carbide, the method comprising: 

using resistive or inductive heating to heat a furnace to a temperature below 
the temperature at which silicon carbide sublimes; 

using an electric arc to create a local high temperature zone within a the 
furnace that is above the temperature at which silicon carbide sublimes while 
maintaining the inner walls of the furnace at a temperature below the temperature 
at which silicon carbide sublimes; 

introducing a silicon carbide source material into the high temperature zone 
to sublimate silicon and carbon containing material from the silicon carbide source 
and cause at least some of the silicon and carbon containing material to form 
silicon carbide on a silicon carbide seed. 

As is clear from the above, all of the pending claims are directed to methods of 
growing silicon carbide via electric arc sublimation . (See, e.g., Claim 1, stating that a 
seed of silicon carbide is introduced "into a sublimation system"; see also Claims 24 and 
33, stating that an electrical arc is used "to sublimate silicon and carbon." The Advisory 
Action states that the Pinkahsov reference is relied upon as teaching the electric arc 
sublimation of silicon carbide recitations of the pending claims. (See Advisory Action at 
2). 
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Appellant respectfully submits that the rejections of all of the pending claims 
should be withdrawn because Pinkahsov does not teach sublimating silicon carbide using 
electric arc vapor deposition techniques. Sublimation refers to a process where a solid is 
heated directly to a gaseous state and the resulting vapors are condensed back into solid 
form. (See Webster's Dictionary at 1418, defining sublimate and sublime, attached as 
Appendix B hereto). Pinkahsov, however, is directed to an arc vapor deposition technique 
in which molten (i.e., material that has been "melted or liquefied by heat") material is 
vaporized for purposes of growing a material on a substrate. (See Pinkahsov at Col. 2, 
lines 34-36; Col. 3, lines 49-54; see also Webster's Dictionary at 916, Appendix B, 
defining molten). Evaporating a molten liquid, by definition, is not sublimation. Thus, as 
none of the cited references teach or suggest growing silicon carbide via electric arc 
sublimation the rejections should be reversed. 

In the Advisory Action, the Examiner argues that the Pinkahsov reference in fact 
teaches sublimation and is not limited to embodiments that "require a molten pool." (See 
Advisory Action at 2, citing to Pinkahsov at Col. 1, lines 34-43 and Claim 5). However, 
the portion of Pinkahsov cited by the Examiner is a summary of arc-vapor deposition 
techniques that are disclosed in a series of prior patents to Pinkahsov. (See Pinkahsov at 
Col. 1, lines 29-43). Pinkahsov expressly states that it is these prior patents that describe 
the details regarding "[t]he formation of vapor and its deposition upon the substrate." 
(Pinkahsov at Col. 3, lines 54-57). These prior patents to Pinkahsov make clear that the 
Pinkahsov process involves two phase transformations - solid to liquid and liquid to gas. 

For instance, one of the prior patents that is summarized in Pinkahsov describes the 
arc vapor deposition technique as follows: 

[A] body of the material to be transferred to the substrate is heated in the region of 
this substrate and transformed first into a molten state and then into a vapor 
state . The material thus undergoes two phase transformations , namely, the 
transformation from the solid phase to the liquid phase and then from the liquid 
phase to the vapor phase. 

(U.S. Patent No. 4,505,948 to Pinkahsov at Col. 1, lines 42-48). The prior patents go on to 
explain that the vapor deposition proceeds by striking an electric arc between the pool of 
molten material and an electrode: 

This application discloses a method of vapor-depositing material upon a substrate 
which, as indicated, utilizes an electrical arc struck between a pool of molten 
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material and a counterelectrode, thereby vaporizing the material on the surface of 
the pool and permitting transfer of the vaporized material in the vapor state to the 
substrate. 

(Id. at Col. 2, lines 13-17). The Pinkahsov patent cited, by the Examiner likewise confirms 
that it relates to a process in which molten materials are vaporized by repeatedly stating 
that the arc is applied to a molten electrode material . (Pinkahsov at Col. 2, lines 3 1-36 
and Col. 3, lines 49-54). 

In summary, the portions of Pinkahsov relied upon by the Examiner to support the 
pending rejections do not teach growing silicon carbide via electric arc sublimation as 
recited in all of the pending claims, but instead disclose a two-step vaporization process 
that does not involve sublimation. The Examiner cannot change this fact by citing to 
sentences in Pinkahsov that describe the vaporization process in summary fashion as a 
teaching that sublimation could be used instead of a two-step process. As such, the 
rejections of all the pending claims should be reversed. 1 

B. Pinkahsov Does Not Enable Arc-Vapor Deposition Using a 
Silicon Carbide Electrode 

The rejections of the pending claims should likewise be reversed because 
Pinkahsov does not enable a person of skill in the art to perform electric arc vapor 
deposition using a silicon carbide electrode. As noted above, Pinkahsov discloses an arc 
vapor-deposition method in which an arc is struck between a molten pool of electrode 
material and a second electrode. Pinkahsov states that M the electrode material is crystalline 
silicon or silicon carbide or silicon nitride." (Pinkahsov at Col. 2, lines 47-48). However, 
the example in Pinkahsov only describes use of two silicon electrodes. Pinkahsov does 
further state that the manner in which the vapor is formed is fully described in a series of 



1 The Advisory Action also states that "Smalley et al teaches a method of electric arc 
processing, where electrode material is vaporized without forming a molten pool." 
(Advisory Action at 2). Smalley, however, relates to an electric arc process that uses a 
different material system for a completely different purpose, namely generating fullerenes 
by vaporizing carbon. (See Smalley at Abstract). The Examiner has not even attempted to 
explain why a skilled artisan would have been motivated to modify the process of 
Pinkahsov to operate via sublimation based on Smalley, and Appellant respectfully 
submits that the only such motivation comes from hindsight and using the present 
invention as a roadmap to piece together various teachings from a wide variety of prior art 
references. 
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prior, related patents. (Pinkahsov at Col. 1, lines 29-34 and Col. 3, lines 54-57). These 
prior patents, however, explain that the silicon carbide is deposited on the substrate by 
using a silicon electrode and a carbon block electrode which contains "a molten pool of 
silicon and solubilized carbon." {See U.S. Patent No. 4,505,948 to Pinkahsov at Col. 6, 
lines 60-63 and Col. 7, lines 36-40). Thus, Pinkahsov does not explain how the process 
could be carried out using a silicon carbide electrode. 

This failure of Pinkahsov is significant because it is clear that the process of 
Pinkahsov would not work with a silicon carbide electrode. Pinkahsov teaches that the 
process is carried out under vacuum conditions {i.e., at pressures of 10° torr or better). 
(Pinkahsov at Col. 3, lines 66-68). As shown in the references attached at Appendix C 
hereto, silicon carbide does not form a liquid sta te at those pressures {See, e.g., Seace 
and Slack, Solubility of Carbon in Silicon and Germanium at 1554). Accordingly, the 
method of Pinkahsov where the arc vapor deposition is carried out between an electrode 
and a pool of molten material in a second electrode will not work with silicon carbide 
electrodes. Thus, because Pinkahsov does not enable an arc vapor-deposition process that 
uses a silicon carbide electrode, the rejections of all the pending claims should be 
withdrawn. 

C. The Rejections Should Be Reversed Because There is No 

Motivation To Combine Kuehnle or Smalley with Pinkahsov and 
Davis 

As noted above, to establish a prima facie case of obviousness, the combination of 
prior art references must teach or .suggest all the recitations of the claims and there must 
be some suggestion or motivation, either in the references themselves or in the knowledge 
generally available to one of ordinary skill in the art, to combine the reference teachings to 
arrive at the claimed invention. M.P.E.P. § 2143. The mere fact that references can be 
combined or modified does not render the resultant combination obvious unless the prior 
art also suggests the desirability of the combination. 

All of the pending claims stand rejected under 35 U.S.C. § 103 based, at least in 
part, on (1) the combination of Pinkahsov, Davis and Kuehnle and (2) the combination of 
Pinkahsov, Davis and Smalley. In these rejections, the Examiner relies on Kuehnle or 
Smalley for teaching the step of "controlling the power dissipated across the gap to control 
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a flow of vaporized Si, Si 2 C and SiC 2 from the silicon carbide electrode to the seed of 
silicon carbide." {See, e.g., Final Office Action at f 2, p. 4). The Final Office Action, 
however, fails to provide the necessary showing that a skilled artisan would have been 
motivated to combine this alleged teaching of either Kuehnle or Smalley with Pinkahsov 
and Davis. The lack of any such evidence of motivation to combine the references in the 
manner of the rejections provides an independent basis for withdrawal of each of the 
pending rejections. 

The portion of the Final Office Action detailing the rationale for the pending 
rejections conclusively states that M [i]t would have been obvious to a person of ordinary 
skill in the art at the time of the invention to modify the combination of Pinkahsov and 
Davis et al with Kuehnle to vaporize the electrode material at a steady level (col. 4, In 15- 
25), thereby avoiding undesired changes in flux resulting in uniform polytype." (Final 
Office Action at 4). With respect to the rejections that rely on Smalley, the Final Office 
Action similarly states in a conclusory fashion that M [i]t would have been obvious to a 
person of ordinary skill in the art at the time of the invention to modify the combination of 
Pinkahsov and Davis et al with Smalley's means for maintaining a desired gap for the 
electrical arc to maintain an optimum length of the arc gap during the entire process." 
(Final Office Action at 6). In the Advisory Action, the Examiner argues that the teaching 
in Davis that the silicon carbide should be vaporized at a constant flux provides the 
motivation for combining Kuehnle and/or Smalley with Pinkahsov and Davis. (Advisory 
Action at 3). However, Appellant respectfully submits that a skilled artisan would not 
combine the references as suggested in the pending rejections for at least two independent 
reasons. 

First, neither Kuehnle nor Smalley relate to depositing silicon carbide on a 
substrate via electric arc sublimation. Kuehnle is directed to evaporating particles at a 
steady state so that the particles will cluster together at a consistent rate. (See Kuehnle at 
Col; 4, lines 13-23). Smalley is directed to a method of forming fullerenes, a molecular 
form of carbon. (See Smalley at Abstract). Thus, the suggestions in both Kuehnle and 
Smalley regarding the gap to maintain between the electrodes is made in the context of a 
different art and directed to solving a different problem. The Davis reference, however, 
contains explicit teachings regarding controlling the flux be tween the silicon carbide 
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source material and the silicon carbide seed . In particular, Davis teaches that the "if the 
thermal gradient is continually increased as the source powder is depleted and as the seed 
crystal grows, an absolute temperature differential between the source and the seed can be 
maintained at an amount which continues to be most favorable for growth." (Davis at Col. 
9, lines 29-35). Davis further teaches that this can be accomplished by modifying the 
temperature of the source powder and/or the seed during growth and/or by changing the 
pressure during growth or by a combination of these methods. Appellant respectfully 
submits that the skilled artisan would look to the teachings in the Davis references 
regarding controlling the temperature and the pressure in the reactor to maintain a steady 
flux or the teachings of some other reference that actually relates to the field of the present 
invention. What the skilled artisan would not do is look to a completely different field to 
directly modify the teachings of a reference that the Final Office Action contends teaches 
the method of solving the problem addressed by the present invention. Thus, the pending 
rejections should be withdrawn because the Examiner has not and cannot show that a 
skilled artisan would have combined Pinkashov and Davis with either Kuehnle or Smalley 
in the manner suggested. 

The combinations of references relied upon in the rejections is also unsupportable 
because Pinkahsov teaches directly away from usin g the electrode apparatus 
disclosed in Kuehnle or Smalley . In particular, Pinkahsov teaches that "arc vapor 
deposition" of silicon or silicon carbide onto a substrate is accomplished by repeatedly 
striking two electrodes together and then separating the electrodes to form an arc between 
them. (Pinkahsov at Col. 1, lines 34-45 and Co. 3, lines 49-60). In the example set forth 
in Pinkahsov, an arc is formed approximately one time per second through this 
intermittent movement of one or both of the electrodes. (Pinkahsov at Col. 4, lines 27-28). 
As explained in one of the earlier patents that Pinkahsov references as describing aspects 
of his invention: 

I may move the counterelectrode into and out of contact with the pool to thereby 
deposit some of the melt upon the counterelectrode and permitting the heat 
generated at the electrode tip to vaporize at least in part the material transferred to 
it and thus in part generate the vapors which are to be transferred to the substrate. 

(U.S. Patent No. 5,505,948 at Col. 2, lines 30-36). This prior Pinkahsov patent goes on to 
state: 
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Surprisingly, once the arc is struck as the two electrodes. are separated, the arc, a 
portion of the arc or a heating effect generated by the arc appears to spiral around 
the long electrode and cause vaporization of the material of the electrode in a 
generally helical or spiral pattern progressively moving away from the 
counterelectrode . 

It is indeed a remarkable surprise that the arc is not confined to the space between 
the two electrodes but rather has a component or an effect which spirals away from 
the counterelectrode toward a region of the length of the long electrode which is 
further removed from the counterelectrode in spite of the fact that the greatest 
conductivity would appear to lie in a line directly between the two electrodes 
where the major portion of the arc appears to be confined. This effect is manifest 
in the fact the long electrode, i.e. the deposition electrode, while originally of 
uniform cross section,: develops a taper toward the counterelectrode and coating 
from the blank of the deposition electrode onto the substrate can be observed at 
considerable distance from the arc's striking face of the deposition electrode. 

In fact, the effect appears to survive for a brief period following extinction of the 
original arc and hence I prefer to periodically contact and separate the electrodes to 
generate the arc and then allow extinction thereof. 

(U.S. Patent No. 5,505,948 at Col. 4, lines 16-42). Thus, it is clear that a critical part of 
the invention of Pinkahsov involves moving the electrodes into and out of contact with 
each other - in other words, not maintaining a constant gap - as this is required both to (1) 
facilitate vaporization of the electrode material in the molten pool by depositing that 
material onto the tip of the counterelectrode and (2) to induce an effect whereby the arc is 
formed not only between the two electrodes, but also along the length of the deposition 
electrode. 

In light of these teachings in Pinkahsov, Appellant respectfully submits that a 
skilled artisan would not have been motivated to combine either Kuehnle or Smalley with 
Pinkahsov as doing so would be directly contrary to the teachings of Pinkahsov. 
Appellant notes that in the Advisory Action the Examiner argues that Pinkahsov is not 
limited to embodiments in which the electrodes are struck together to form the arc. 
However, what the Examiner has not and cannot do is point to any other arc vaporization 
process in Pinkahsov, because the only process disclosed is one in which the electrodes are 
struck together. In fact, the very portion of Pinkahsov that the Examiner cites to as 
teaching that Pinkahsov is not limited to embodiments in which the electrodes are struck 
together expressly states that the electrodes are brought into contact and separated to form 
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the arc. (See Advisory Action at 3-4, citing to Pinkahsov at Col. 1, lines 29-45). As such, 
Appellant respectfully submits that this teaching away from the combination of references 
cited in the pending rejections compels reversal of those rejections. 

D. The Rejections Should Be Withdrawn Because Kuehnle and 
Smalley are Not Analogous Art 

Finally, the pending rejections of the Group I-V claims should also be withdrawn 
because neither Kuehnle nor Smalley can properly be relied upon as part of a rejection 
under 35 U.S.C. § 103. In particular, only references that come from an "analogous art" 
may be relied upon to support a rejection under Section 103, where a reference is 
considered to be from an analogous art if it either (1) is from the same field of endeavor as 
the invention at issue, regardless of the problem addressed or (2) is reasonably pertinent to 
the particular problems with which the inventor is involved. See, e.g., In re Paulsen, 3 1 
U.S.P.Q.2d 1671, 1675-76 (Fed. Cir. 1994). Neither Kuehnle nor Smalley satisfy this test. 

As to the first prong of the analogous art test, the present invention is directed to 
the growth of semiconductor materials on a seed crystal or substrate. In contrast, Kuehnle 
is directed to "a method for producing small particles, e.g., nanoparticles, which have 
consistent size, shape, structure and functionality." (Kuehnle at Col. 1, lines 7-10). 
Smalley likewise has nothing to do with growing semiconductor materials on a substrate, 
but instead is directed to a method for making fullerenes (a particular form of carbon). 
(See Smalley at Abstract). Thus, both Kuehnle and Smalley are from different fields of 
endeavor, and hence neither reference qualifies as analogous art under the first prong of 
the test. 

The second prong of the analogous art test examines whether or not a reference is 
reasonably pertinent to the particular problems with which the invention is involved. 
Here, that problem is growing monocrystaline and/or polycrystalline silicon carbide 
crystals on a substrate for use in semiconductor applications. Kuehnle has nothing to do 
with the problems which the present invention addresses, as Kuehnle provides insights 
regarding how to collect a powder of a source substance where the particles of the powder 
are relatively uniform in size. Smalley is directed to a method of growing fullerenes - a 
form of carbon - that has no semiconductor applications. Thus, neither Kuehnle nor 
Smalley qualify as -analogous art under the second prong of the test and, as such, the 
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claims of the present application cannot properly be rejected based on the combination of 
the Pinkashov and Davis and either Kuehnle or Smalley. 

III. THE GROUP II CLAIMS ARE PATENTABLE OVER THE CITED ART 

The Group II claims are Claims 33, 35 and 36. The Group II claims stand rejected 
under 35 U.S.C. § 103 based on the combination of (1) Pinkahsov, Davis and Kuehnle and 
(2) Pinkahsov, Davis and Smalley. (See Final Office Action at 2, 3, pp. 2-7). Appellant 
respectfully submits that each of the Group II claims are patentable over the cited references 
for each of the reasons set forth in Section II above. In addition, Appellant submits that the 
Group II claims are also patentable over the cited art for at least one additional reason. 

Each of the Group II claims recite that the electric arc is used to "create a local 
high temperature zone within the furnace . . . while maintaining the inner walls of the 
furnace at a temperature below the temperature at which silicon carbide sublimes." 
Appellant respectfully submits that none of the cited references teach or suggest "using 
resistive or inductive heating to heat a furnace" while at the same time "maintaining the 
inner walls of the furnace at a temperature below the temperature at which silicon carbide 
sublimes." (See Claim 33). Appellant raised the above argument in Appellants Response 
to Final Office Action. In response, the Examiner argued in the Advisory Action that the 
Group II claims do "not require heating the inner walls of the furnace." (Advisory Action 
at 4). The Examiner, however, apparently overlooked the recitation of Claim 33 that 
recites "using resistive or inductive heating to heat a furnace to a temperature below the 
temperature at which silicon carbide sublimes." Heating the furnace includes heating the 
inner walls of the furnace. Thus, as it is clear that the rejections of the Group II claims are 
based on a mistake by the Examiner regarding the actual elements included within the 
Group II claims, Appellant respectfully submits that the rejections of the Group II claims 
should be reversed. 

In any event, Appellant submits that: 

• Davis teaches heating the furnace walls to a temperature above the 

temperature at which silicon carbide sublimes. (See, e.g., Davis at Col. 11, 
lines 20-23). 
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• Pinkahsov does not teach or suggest that a furnace is even provided, as the 
electric arc is used solely to perform the vaporization. {See Pinkahsov at 
Col. 4, lines 5-41). 

• Smalley does not teach or suggest that a furnace is even provided, as the 
electric arc is used solely to perform the vaporization. {See Smalley at Col. 
2, lines 46-48). 

• Kuehnle teaches that a "cold" inert gas is flowed just inside the housing 
sidewall, indicating that in Kuehnle the housing is actually cooled as 
opposed to heated. {See Kuehnle at Col. 4, lines 3-12). 

This showing that the cited art does not disclose each of the recitations of the Group II 
claims is unrebutted. Accordingly, Appellant respectfully requests that the rejections of 
the Group II claims be reversed for this additional reason. 

IV. THE GROUP III CLAIMS ARE PATENTABLE OVER THE CITED ART 

The Group HI claims are Claims 14 and 30. Appellant respectfully submits that each 
of the Group III claims are patentable over the cited references for the reasons set forth in 
Section II above. In addition, Appellant submits that the Group III claims are also patentable 
over the cited art for at least one additional reason. 

Claim 14 recites that "the internal temperature of the sublimation system, the 
position of the silicon carbide electrode and the second electrode, a voltage drop across the 
gap and a current conducted across the gap are configured so as to maintain the end of the 
silicon carbide electrode adjacent the gap at a substantially constant temperature during 
the sublimation process." Claim 30 contains a similar recitation. While the Final Office 
Action states that the combination of Pinkahsov and Davis in view of either Kuehnle or 
Smalley teaches these recitations, Appellant respectfully disagrees. Pinkahsov discloses a 
process where the temperature at the end of the electrode will vary {i.e., not remain 
constant), and Davis teaches that the temperature of the silicon carbide source material is 
varied throughout the sublimation process. Kuehnle and Smalley are silent regarding the 
temperature at the end of the electrode, and hence do not provide the necessary teaching. 
In any event, even if Kuehnle or Smalley taught the recitations of the Group III claims, no 
motivation has been identified for modifying the primary references - each of which teach 
away from maintaining the ends of the electrodes at a constant temperature - in this 
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manner. Accordingly, the Group III claims likewise are independently patentable over the 
cited art for at least these additional reasons. 

In the Advisory Action, the Examiner takes the position that the recitations of 
Claims 14 and 30 are "recitationfs] of the intended use of the claimed invention," and 
hence canot patentably distinguish the invention from the prior art. (Advisory Action at 
5). However, the recitations at issue simply are not recitations of the intended use of the 
invention, but instead comprise one of the conditions that must be met to practice the 
claimed methods. Thus, as each of the recitations of the Group III claims are not taught or 
suggested by the cited references, the rejections of the Group III claims should be 
reversed. 

V. THE GROUP IV CLAIMS ARE PATENTABLE OVER THE CITED ART 

The Group IV claims are Claims 1 1 and 1 5. Appellant respectfully submits that 
each of the Group TV claims are patentable over the cited references for the reasons set forth 
in Section II above. In addition, Appellant submits that the Group III claims are also 
patentable over the cited art for at least one additional reason. 

Each of the Group IV claims recite that a "substantially constant pressure level is 
pre-selected for growth of a pre-selected polytype of silicon carbide." The Advisory 
Action takes the position that Davis teaches this recitation at Column 13, lines 1-25. 
Appellant respectfully submits that this is not the case. Specifically, the cited portion of 
Davis states that the furnace was initially maintained at a pressure of 400 Torr during the 
growth process. Then, over a period of 85 minutes, the system was slowly evacuated to 
reduce the pressure from 400 Torr to 10 Torr. The pressure remained at 10 Torr for 6 
hours, and then the pressure was increased to 760 Torr. Thus, the cited portion of Davis 
teaches that the silicon carbide was grown under a variety of different pressure conditions, 
and clearly does not teach or suggest pre-selecting a pressure level for growth of a pre- 
selected polytype of silicon carbide. Accordingly, the rejections of the Group IV claims 
should also be reversed. 

VI. THE GROUP V CLAIM IS PATENTABLE OVER THE CITED ART 

The Group V claim is Claim 12. Appellant respectfully submits that Claim 12 is 
patentable over the cited references for the reasons set forth in Section II above. In addition, 
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Appellant submits that Claim 12 is also patentable over the cited art for at least one additional 
reason. 

Claim 12 recites "raising the temperature of the silicon carbide electrode to a 
temperature lower than the temperature at which silicon carbide sublimes." Neither the 
Final Office Action nor the Advisory Action even attempt to explain where this recitation 
may be found in the cited references. Davis clearly does not teach it, as Davis does not 
disclose an electrode and, in any event, teaches heating the silicon carbide source material 
to a temperature above the temperature at which silicon carbide sublimes. Pinkashov, 
Kuehnle and Smalley do not teach raising the temperature of the silicon carbide electrode 
at all, aside from the temperature increase that is caused by the electric arc vaporization, 
and that temperature increase is, again, to a temperature above the temperature at which 
silicon carbide sublimes. Accordingly, Claim 12 is also independently patentable over the 
cited art for at least these additional reasons. 

V. CONCLUSION 

In light of the above discussion, Appellant submits that each of the pending claims is 
patentable over the cited references and, therefore, request reversal of the rejections of 
Claims 1-5, 7-24, 26-33, 35-36 and 46-48. 

Respectfully submitted, 

D. Randal Ayers 
Registration No. 40,493 

USPTO Customer No. 20792 
Myers Bigel Sibley & Sajovec, P.A. 
Post Office Box 37428 
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Facsimile: (919) 854-1401 
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1. (Previously Amended): A method of growing silicon carbide, the method 

comprising: 

introducing a seed of silicon carbide into a sublimation system; 

introducing a silicon carbide electrode into the sublimation system; 

introducing a second electrode into the sublimation system adjacent the silicon 
carbide electrode, wherein the silicon carbide electrode and the second electrode are 
separated by a gap; 

establishing an electric arc across the gap between the silicon carbide electrode and 
the second electrode to vaporize at least part of the silicon carbide electrode and cause at least 
some of the vaporized silicon carbide materials to form silicon carbide on the silicon carbide 
seed; and 

controlling the power dissipated across the gap to control a flow of vaporized Si, Si 2 C 
and SiC 2 from the silicon carbide electrode to the seed of silicon carbide. 

2. (Original): The method of Claim 1, wherein the second electrode is a silicon 
carbide electrode. 

3. (Previously Amended): The method of Claim 2, wherein controlling the power 
dissipated across the gap further controls a flow of vaporized Si, Si 2 C and SiC 2 from the 
second electrode to the seed of silicon carbide. 

4. (Previously Amended): The method of Claim 3, wherein controlling the power 
dissipated across the gap comprises moving at least one of the silicon carbide electrode and 
the second electrode as they vaporize during the sublimation process to maintain a constant 
gap between the silicon carbide electrode and the second electrode. 

5. (Original): The method of Claim 2, further comprising maintaining the.pressure 

. within the sublimation system at a substantially constant level during the sublimation process. 



6. (Cancelled) 



Pending Claims 
USSN 09/419,814 
Filed: October 15, 1999 
Page 2 

7. (Previously Amended): The method of Claim 1, wherein the power dissipated 
across the gap is controlled to maintain a substantially constant flow of vaporized Si, Si 2 C 
and SiC 2 per unit area per unit time from the silicon carbide electrode to the seed crystal. 

8. (Previously Amended): The method of Claim 1, wherein controlling the power 
dissipated across the gap comprises moving at least one of the silicon carbide electrode and 
the second electrode during the sublimation process to maintain a constant gap between the 
silicon carbide electrode and the second electrode. 

9. (Original): The method of Claim 1 , further comprising moving at least one of the 
silicon carbide electrode and the second electrode to maintain a substantially constant 
separation between the silicon carbide electrode and the second electrode. 

10. (Original): The method of Claim 1, further comprising maintaining the pressure 
within the sublimation system at a substantially constant level during the sublimation process. 

1 1 . (Previously Amended): The method of Claim 10, where the substantially 
constant pressure level is set to ensure that a specific polytype of silicon carbide is grown. 

12. (Original): The method of Claim 1 0, further comprising: 

raising the temperature of the seed to a temperature lower than the temperature at 
which silicon carbide sublimes; and 

raising the temperature of the silicon carbide electrode to a temperature lower than the 
temperature at which silicon carbide sublimes. 

13. (Previously Amended): The method of Claim 12, wherein the sublimation 
system includes a furnace, and wherein the method further comprises raising the temperature 
of the inner walls of the furnace to a temperature higher than the temperature of the seed. 

14. (Previously Amended): The method of Claim 1, wherein the internal temperature 
of the sublimation system, the position of the silicon carbide electrode and the second 
electrode, a voltage drop across the gap and a current conducted across the gap are configured 
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so as to maintain the end of the silicon carbide electrode adjacent the gap at a substantially 
constant temperature during the sublimation process. 

15. (Previously Amended): The method of Claim 14, where the substantially 
constant temperature is set to ensure that a specific polytype of silicon carbide is grown. 

16. (Previously Amended): The method of Claim 1, wherein controlling the power 
dissipated across the gap to control a flow of vaporized Si, Si 2 C and SiC 2 from the silicon 
carbide electrode to the seed crystal comprises: 

sensing a voltage drop across the gap; and 

adjusting the relative location of the silicon carbide electrode and the second electrode 
so as to maintain the voltage drop at a constant level. 

17. (Original): The method of Claim 16, further comprising rotating the seed during 
at least part of the sublimation process. 

18. (Previously Amended): The method of Claim 1, wherein establishing an electric 
arc between the silicon carbide electrode and the second electrode comprises activating an 
alternating current power supply that is electrically connected to one of the silicon carbide 
electrode and the second electrode. 

19. (Original): The method of Claim 18, wherein the frequency at which the 
alternating current power supply is operated is selected to maintain substantially the same 
rate of vaporization of the silicon carbide electrode. 

20. (Original): The method of Claim 2, wherein the silicon carbide electrode is 
formed by sintering silicon carbide powder. 

21 . (Original): The method of Claim 20, wherein the silicon carbide electrode is 
formed from an n-type carrier rich silicon carbide source powder. 
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22. (Original): The method of Claim 20, wherein the silicon carbide electrode is 
formed from a p-type carrier rich silicon carbide source powder. 

23 (Previously Amended): The method of Claim 2, wherein the internal temperature 
of the sublimation system, the pressure within the sublimation system and the voltage and 
current associated with the electric arc are maintained so as to heat a constant volume of the 
silicon carbide electrode above the temperature where sublimation occurs during a crystal 
growth phase of the sublimation process. 

24. (Previously Amended): A method of growing silicon carbide, the method 
comprising: 

establishing an electrical arc between a pair of electrodes spaced apart by a gap in 
order to electrically arc a silicon carbide source to sublimate silicon and carbon containing 
material from the silicon carbide source and cause at least some of the silicon and carbon 
containing material to form silicon carbide on a silicon carbide seed; and 

controlling the power dissipated across the gap to control the flow of vaporized Si, 
Si 2 C and SiC 2 from the silicon carbide source to the silicon carbide seed. 

25. (Cancelled) 

26. (Previously Amended): The method of Claim 24, wherein the electrodes are 
silicon carbide electrodes that serve as the silicon carbide source. 

27 (Original): The method of Claim 26, wherein the power dissipated across the gap 
is controlled to maintain a substantially constant flow of vaporized Si, Si 2 C and SiC 2 per unit 
area per unit time from the pair of silicon carbide electrodes to the silicon carbide seed. 

28 (Original): The method of Claim 26, wherein controlling the power dissipated 
across the gap comprises moving at least one of the pair of silicon carbide electrodes as they 
vaporize during the sublimation process to maintain a constant gap between the pair of silicon 
carbide electrodes. 
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29. (Original): The method of Claim 24, further comprising maintaining the pressure 
within the sublimation system at a substantially constant level during the sublimation process. 

30. (Previously Amended): The method of Claim 24, wherein the sublimation 
process occurs within a heated furnace, and wherein internal temperature of the furnace, the 
position of the pair of silicon carbide electrodes, the voltage drop across the spacing between 
the pair of electrodes and the arc current are configured so as to maintain the ends of the pair 
of electrodes adjacent the arc at a substantially constant temperature during the sublimation 
process. 

3 1 . (Original): The method of Claim 26, wherein controlling the power dissipated 
across the gap to control the flow of vaporized Si, Si 2 C and SiC 2 from the pair of silicon 
carbide electrodes to the silicon carbide seed comprises: 

sensing a voltage drop across the gap; and 

adjusting the relative location of the silicon carbide electrodes so as to maintain the 
voltage drop at a constant level. 

32. (Previously Amended): The method of Claim 24, wherein the sublimation 
process occurs within a heated furnace, and wherein an internal temperature of the furnace, a 
pressure within the furnace and the voltage and current associated with the arc are maintained 
so as heat a constant volume of the silicon carbide source above the temperature where 
sublimation occurs during a the crystal growth phase of the sublimation process. 

33. (Previously Amended): A method of growing silicon carbide, the method 
comprising: 

using resistive or inductive heating to heat a furnace to a temperature below the 
temperature at which silicon carbide sublimes; 

using an electric arc to create a local high temperature zone within a the furnace that 
is above the temperature at which silicon carbide sublimes while maintaining the inner walls 
of the furnace at a temperature below the temperature at whiclvsilicon carbide sublimes; 

introducing a silicon carbide source material into the high temperature zone to 
sublimate silicon and carbon containing material from the silicon carbide source and cause at 
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least some of the silicon and carbon containing material to form silicon carbide on a silicon 
carbide seed. 

34. (Cancelled) 

35. (Original): The method of Claim 33, wherein the silicon carbide source material 
is introduced into the high temperature zone by moving the silicon carbide source material. 

36. (Previously Amended): The method of Claim 33, wherein the silicon carbide 
source material is introduced into the high temperature zone by moving a heating source used 
to create the local high temperature zone. 

37. (Cancelled) 

38. (Cancelled) 

39. (Cancelled) 

40. (Cancelled) 

41. (Cancelled) 

42. (Cancelled) 

43. (Cancelled) 

44. (Cancelled) 



45. (Cancelled) 
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46. (Original): The method of Claim 1, wherein the silicon carbide seed is a 
monocrystalline seed of silicon carbide, and wherein the silicon carbide formed on the 
monocrystalline silicon carbide seed is monocrystalline silicon carbide, 

47. (Original): The method of Claim 24, wherein the silicon carbide formed on the 
silicon carbide seed is monocrystalline silicon carbide. 



48. (Original): The method of Claim 2, wherein the silicon carbide electrode is 
formed from silicon carbide powder grown by a chemical vapor deposition technique. 
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Mon. I. Monastery 2. Monday 3. Monsignor .. - 

Sn. l (nSS) t 5r'. ^«»7dun. of—*; -blella 

r^Tchartman', Wl) [ML.(E=.) mcm^ ' < 
LL.(Ec) monoeAw: see monk] some «* MONASTIC 

SS5*« (SlVSr m 3 na'ka) independent Pnncipah^ 
on the Mediterranean; enclave in SE France. Ill sq. mi.. 

n?S?nld°(ma'nad. mah'ad) [LL\ monas (gen.j nonadis) 
< Gr monas (gen, monodoj , a unit, unity < ">cmos. 
alo^' see mono-] I. a unit; something ..simple and 
dMsible ^2 .Biol a) any simple. singie-ceUed organism. 
»£c a simple type of BagelTated P™»^" °f e( ?™ 
4V any or" the four nuclei formed at the completion » 
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work,, or ^ 0 - ^ a \^?ri toSic is atsub'ert 

or produced by the JW^J* or temperament ot the 
or resulting, from t ^ n g^ m . g | 0 t objective; personal U 
Object, or P^ t/ tiU 2 d rtermined by ^..^SSS 
subjective judgment; .£..£^2^ 0 f the artist or* writer. 

ideas, thougte. ^ /Steering reality; 
not just rigidly transcriomg or r«=^ having t0 do with the 
™rnias nominative 4. ^'?^- 0 oy themind as opposed 
Deception °r concepuon-of fguxgr z $* Med . designating 

observer's ™?*° T J£$* oTrerined by other persons £ 
an h . i ec • tlv • tstn ( r ia mjrt. * Jx «;i a tive never abiective 



Standards oi truth. J. W,??^ «hs ^la determinants- or 



sooai ara™w*«:T- 

moral and' aesthetic ? .; . . .. 

i"'^'^- ^ th ing or things considered' « a book. 

sub-iota f»^^.^ ( SmthW a*'** "ft o£ ^^S- 
sub- June tive 



hypothesis, .posatotv. etc.. '*!'(£;iin>iCA™™' 
this mood tehViai'damy n. any main- natural; sab, 

"SSJSJ 1 '" < SJK^+WS a^-W:»~ 

,3»tate ^^■SaJ^^B^tSA away, annul) 
B^lS^Scontra^ct. or aega^ ^ ^ ^ a 
.rtftue (W^vJ^^ftftBTa &• property 

to-a-sub^tr^or : _ • quit a- lethal;. insufficient 
^^:^%t/^»^aaval. officer ranking 

S Wed. -mat'lng < n V I^a Stance)'-. by subliming 
sublime]" 1. to P^.^ " r ^*™ ffiS influence- or .effect on 
2. to Have a purifying ^^na v unacceptable impulses. 
3 to express /soaal V '« ^^ctive? aaeptable tonus, 
specif, sexual impulses) in «nswu« bUmation -ad,. 

tht I the product or sub- 

hmation — suo'll- enaction n. 



a) eiatenr- joy w y ■ r.MB.. sublime** ^ * i 

aloft — «<. -Umed / u ^°* t 1 iV TI lift high <■ the'. «*;.]■ 
n7dJim<r < -MHv^TS ^t^la^d) by' heating, dr- 
1 to make sublime' 2. to HJ^ifgSSL'thft, vapor :.back 

3 below the threshold ^^^^^t^ecome, effective 
specif^ invoivingf ^^sm^ ,?^^.Um*l>aal^ odm ^ 

^ r b &y%£ C S&bUme.ma 3 e^ , 2 ' 
-rtea sometmng'subhmev • ju^iwgu^^: see ..w 

3 ub.lu>oar,y f (su^ 1 ?^.!: [^v thff.mooal ■ i-situa^ ;^ 

Sock. Sred from the '^^Si , . t J belO-w-mimmunK ;% 
sub-oW-gln'ai (sub mar'n^J^v housingy. 2'^ not 

adj. [SUB- + MARXWHj D^*^ 1 of " tlWW^ij ^* '1* 

beneath the f «*feor ot^J ^^g. war3 mpv- armed-wi^ ...g 

submarmeplant^ammai 2 .JM^, ^ operat^-Wer ^ 

^ e ^ i g ^f^i^ attack, esp^to^dov ^ 
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struct (something)- on a suuuu •.'•r^J- „^bi?« 
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yielding, or surrendering' 2. »e q ^_ meeJau . 3 S' 3' 
bain*' submissive;- .™ 3 »« natl ?£S°^ for -decision. 

?Sf»e%u^ 

to.be bound °^fAW°/°t'<-'^ ^•Cffe- 
,ub.mi8 ; siv«_(-ans/tv) 3how ing a ' tendency » 

< LT™^^ < » b -lJ?Sf^feS Others for decision., 
see missionI 1. w present wjgVtfi. action, control. 
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suggest; propose — wt. h ff)' to yit 
etc. of another or others; give in- 
subjected {to treatment, anaiysi 
another's judgment or decision 3 
ent; humble, etc. — SYNi sefysuRi 
adj. — sub»mit'tai n. : — *ub-mit't 
sub -moil -cane (sub 'man 'tan) adj 
see- mountain] 1. located at th 
mountain range 2. of or characte 
gub-mul-Ci ple (sub inuKti p'l) i 
number that will divide another 1 
divisor (of a specified number)-;' 
subnor mal (,-nur'm 1) adj. belo 
normal, esp; in intelligence — 
— sub'nor-mal'l'Cy (-mal'3 te) n 
aub-nu cle-ar (-aoa'klSsr, -ayd" 
of any or the particles within the 
3ub-o*ce*an*ic (sub'3 shean'ilc) . 
on or beneath the 1 ocean- door 
aub^or bit al (sub'flr'bit 1> adj. 
spaceflight in which' the spacecra 
range trajectory instead of goini 
the orbit of the aye' •"■ 
sub-or der (sub'Or'dar) n. any a 
order of plants or animals — su 
sub-or-dl-nate (sa barMs oit; fa 
ML. subordinatus, pp. of sudor dn 
or dinar e, to order: see* ordain] 
below another in rank, power, imi 
2. under the power or authority' a 
or submissive 4. Gram-: function! 
ar adverb within a sentence fa 

SUBORDINATE CLAUSE — a. a SUOi 
— vt. -aat'ed; -aatlna 1. to 
position; treat as less important a 
obedient or subservient (to); [cot 
di-aata*ly advi - — sub-or'di' aa'tli 
subordinate clause in a complex 
cannot function- syntactically as 
itself; dependent clause: distingu 
(Ex.: She will visit as if she can) 
subordinating conjunction: a cc 
subordinate words, phrases; or 
sentence element (Ex.: if, aj. so, 
also subordinate conjunction 
sub»or di'na«tiott (ss bdf'da na's 
ing or being subordinated 2. 
submission to rank, power, or aut 
sub-orn (sa bdrn'J irt; [M?r. subt 
furnish or supply, instigate, mat 
•t- ornare, to curnish. adorn: see < 
bring about through bribery or c 
to induce or instigate (another) 
esp. to commit perjury — sub-ori 
sub-or na*tion (sub'Sr aa'shan) 
being suborned; esp., the crime' 
commit perjury (subornation oi 
sub-ox ide (sub ak^id) «. an oxic 
small' proportion or oxygen " 
sub-pby-lum (sub'fi'iam) pt. • 
subdivision of a phylum 
sub* plot (-plat') n. a secondary ; 
sub poe na (sa pS'na) ' n. [ME. 
sub poena, lit:,' under penalty: se 
legal order directing | person to 
testimony, show' specified recoras 
I. to summon with such an order 
fled records, documents, etc.) 
Also sp. sub.pe'na 
sub-pop'U-la-tion (sub'papya ia 
a population, with; common, dist 
sub-prin-ci.pal (sub prin/sa p 1, 
principal in a school, etc. 2. a ; 
3. Music an open diapason sub ba 
*sub.pTO.fes»sion-ai (sub^pra i 

PARAPROFESSIONAL 

sub.re.gion (sub'rS'jan). n. any o: 
-esp; with reference to plant and 
sub.rep.cion (sab rep'sh'an) n. [ 
pp. of subripere, surripere, to 
surreptitious] 1. the fraudul 
representation- of facts so as to- 
desiastical dispensation 2. a ta 
vsuch deception — sub-rep'ti'do 
sub* rotate (sub'ra.gaf) vt. • 
subro gains, surrogates: see SURRc 
person) for another 
sub.ro* ga> don (sub'ra ga'shan) 
• ML", subro&atio < ' L. subrpwtus 
substitution of one creditor to 
transference of the ciainis and n 
sub ro-aa (sub rfi'sa) [L., lit., u 
symbol of secrecy] secretly; pnv 
sub. rou* cine (sub'roB tSn') n. 
tions. of ten used repeatedly, that 

fat. ape, car; ten, 3ven; is. bite; gi 
a tor a in a&o. e in agent, i in sanity, 
U, ?r. due; >\ Fr. cri; H, G. ich; 
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apparent to the investigator as he gains facility using 
the diagrams- 
Denoting configurational average by a subscripted 
angular bracket, we have 

^(H^.^E^)^ (5A) 

We may eliminate the summation and the factor iV" 1 
since terms whose indices can be made identical by 
replacing i by i+j are equal to each other. Strictly 
speaking, this means that we are neglecting end effects 
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and are considering an infinite chain of square wells. 
With this assumption, we may write 

+ (Hj+ UiH Hi t n.i*),-r (H^. i _Jt i ,U)» (6A) 

By the same argument we could combine, for instance, 
terms two and five, although this simplification is not 
used in Eq. (27). However, terms two and three are 
not identical, nor is 

These latter points can be proved by direct computation 
using the probability distribution functions (25). 
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Solubility of Carbon in Silicon and Germanium 

R. I. Scace and G. A. Slack 

General Electric Research Laboratory, Schenectady , ;Y«o York 

(Received December 4, 1958) 

The solubility of carbon in silicon has been measured over the temperature range 1560 to 2900°C. The 
enthalpy of solution is 59ds3 kcal/mole. A phase diagram for the system Si — C is presented, embodying these 
solubility data as well as the results of other high- temperature experiments with silicon carbide. It is found 
that SiC possesses a peritectic point at 2830±40°C. These studies were carried out in argon at pressures 
as high as 35 atmos. Solubilities of carbon in germanium were measured in the temperature range 2780 to 
3170°C, at argon pressures up to 55 atmos, and a tentative phase diagram is given. 



EXPERIMENTS WITH SILICON 
Introduction 

^VTEITHER the solubility of carbon in silicon at 
1 1 high temperatures, nor the phase diagram of the 
iystem Si— C is known, Nowotny et a/., 1 in working 
with the ternary system Mo-Si-C, proposed two 
possible phase diagrams for the system Si-C. These 
were for pressures less than one atmosphere and were 
based on a limited number of experimental points so 
that a decision between the two could not be made. 
The solubility of C in liquid Si has been measured by 
Hall 2 up to 1710°C. Others 3 have found Si as an impurity 
in natural diamond, although the conditions of forma- 
tion are of course unknown. We present here some 
solubility measurements in liquid Si up to 2900°C, and a 
proposed phase diagram for the system. 

Experimental Procedure 

The experiments were carried out in a 50-kw graphite 
resistance furnace heated by 20 v maximum, 60-cy 



1 Nowotny, Parthe, Kieffer, and Benesovsky, Monatsh. Chera. 
85,255 (1954). 

1 R. N". Hail, J. AppL Phys. 29, 914 (1958)'. , 

» F. G. Chesley, Am. Mineralogist 27, 20 (1942); F. A. Raal, 
ibid. 42, 354 (1957).^ 



ac This was enclosed in a water-cooled pressure vessel. 
Argon at a pressure of 35 atmos was used to reduce 
the tendency of the silicon to evaporate. The vapor 
pressure of silicon is about one atmosphere at 2800°C 
over both Si 4 and SiC. 5 Figure 1 shows the arrangement 
of the silicon container, heater, and shields which were 
used above 2000°C. The entire assembly was of graphite 
and was supported from the current terminals. On the 
basis of melting point measurements on iridium wires, 
the temperature variation over the container was be- 
lieved to be not over ±25 C C from the value at the point 
of measurement The mounting of the container within 
the heater tube was such that no current passed through 
the Si charge. In this way, changes in the state of the 
Si, and hence in its electrical resistivity, did not affect 
the temperature distribution. 

The Si was du Pont hyperpure grade, ground with a 
Pyrex mortar and pestle, screened,, and leached with 
HF to remove any glass contamination in the Si from 
the mortar. The graphite container was filled with 
100 mesh Si (about 0.5 g) and closed with a graphite 
end plug. No carbon was added; the carbon which was 



* R. E. Honig, J. Chem. Phys. 22, 1610 (1954). 
« Drowart, de Maria, and Inghram, J. Chem. Phys. 29, 1015 
(1958). 
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Fig. I. Graphite resistance furnace (axiaj cross section). 

taken into solution by the liquid silicon came from the 
walls of the container. 

After assembly of the furnace, the pressure vessel 
was evacuated; it was then refilled twice with argon to 
a pressure of 20 atmos, vented to atmospheric pressure 
each time, and finally filled to the operating pressure. A 
manostat maintained the pressure within ±1 atmos. 

The length of time that the charge was kept at the 
operating temperature was a compromise. A long time 
ensured equilibrium, but for long times the Si loss 
became excessive with graphite containers. Usually 
temperature was kept constant at the desired value 
tor periods of one-half to two minutes. No dependence 
of the C solubility upon the duration of run was ob- 
served. The charge was cooled as rapidly as possible 
after the run by simply shutting off the power to the 
furnace. Initial cooling rates of 50°C/sec were typical. 

Analysis 

The carbon which was in solution in the liquid silicon 
at high temperatures crystallizes as SiC upon cooling. 
The Si slug containing the SiC was recovered by oxidiz- 
ing away the graphite reaction vessel at 1100°C in an 
0; atmosphere. Less than 0.2 mg of SiO s was produced 
by this treatment. The original charge of Si could be 
accounted for in four portions: 

1. Some had reacted with the container, forming a 
microcrystalline mass of SiC within the pores of the 
graphite container. Use of a dense graphite (1.90 
g/cm 3 ) * for the containers was necessary to avoid 
excessive losses in this way. This loss occurred mainly 
during the furnace warm up after the silicon liquified, 
and in unfavorable cases amounted to over 50 percent 
of the initial charge. 

2. Some remained within the .container as elemental 
Si, frozen into a small slug. This generally ranged from 
10 percent to 60 percent of the initial charge of 500 mg, 
defending on the porosity of the container. 

Some precipitated as SiC during cooling of the 
fuinace. Most of the SiC was enclosed within the frozen 



* We are indebted to R. L. Shepard, of the National Carbon 
Company Research Laboratories, for some samples of a suitable 
high-purity graphite. 



mass of Si, although some may have segregated to the 
surface of the Si. No free C remained within the piece of 
silicon, as determined both by microscopic examination 
and by chemical analysis of the residue which remained 
after the silicon was removed by etching. 

4. Little if any Si was lost by evaporation because oi 
the blanketing effect of the argon and the low porosity 
1 -of the graphite container. 

The slug of elemental Si containing the precipitated 
silicon carbide was lightly sandblasted to remove SiC 
which was formed in the walls of the graphite container 
and adhered to the surface of the slug. A thin layer of 
silicon (less than 25 m) was removed from the slug 
during the sandblasting. After the sandblasted slug 
was weighed, the Si was etched away in a mixture of 1 
part HF to 3 parts HNOj. The SiC residue, which was 
not attacked by the etch, was dried and weighed. The 
carbon solubility at the operating temperature of the 
furnace was computed from the ratio of the mass of 
SiC to the mass of Si in the slug. 

The major source of error in this procedure was the 
separation of the SiC formed by surface reaction with 
the container from that formed by reaction with dis- 
solved carbon. It is felt that the experiments done in 
graphite gave a lower limit to the solubility of C in Si, 
because some dissolved SiC which was segregated to the 
surface during cooling may have been lost in sand- 
blasting. Because only a thin layer was removed it is 
believed that at least 90 percent of the SiC is retained 
in the slug. Also, from the reproducibility of experi- 
ments one concludes that this loss was not serious. 




Fio. 2. The solubility of C in Si as a function of temperature- 
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. 1 W, C. Dash, J. AppJ. Phy 



tave segregated to the 
led within the piece of 
:roscopic examination 
sidue which remained 
etching. 

/apora' because of 
and th.. .ow porosity 

aing the precipitated 
asted to remove SiC 
he graphite container 
slug. A thin layer of 
toved from the slug 
he sandblasted slug 
\'ay in a mixture of 1 
- residue, which was 
d and weighed. Tie 
temperature of the 
atio of the mass of 

5 procedure was the 
irface reaction with 
' reaction with dis- 
xperiments done in 
olubility of C in Si, 
as segregated to the 
been lost in sand- 
was removed it is 
the SiC is retained 
liability of experi- 
as not serious. 




SOL. (LITY OF CARBON" IN SILICON ,jfD GERMANIUM 

Two of the measurements at temperatures below 
jOOO°C were made in the same furnace, but with a 
different heater and an Ali0 3 container (see Fig. 2). 
This change was necessary because a larger melt 
10-20 g) was needed to dissolve a measurable amount 
jf carbon. In the latter experiments, a weighed crystal 
jt SiC was included in the melt, and its weight loss was 
ased to determine the solubility. As, a, check, the SiC 
patent of the Si melt was also found About 2/3 of the 
:iC which was dissolved from the crystal was recovered, 
the total amount of SiC lost from the crystal was 5-10 
,-ng. These experiments in ceramic containers were done 
in order to provide a comparison with those carried out 
in graphite. These data are upper limits to the solubility, 
because all the SiC lost from the weighed piece was 
considered to have gone into solution even though some 
Reposition of SiC on the walls of the container may 
have occurred during the run. The agreement between. 
:he measurements performed in A1 3 0 3 and those per- 
formed in graphite is good, as can be seen from Fig. 2. 
A measurement of the solubility at the Si melting point 
.vas made by W. C. Dash. This was performed in vac- 
•iiim using a pedestal technique.* A vertical bar of Si, 
damped at the bottom, was heated at the top until 
i portion melted. Then a carefully weighed crystal of 
iiC of about 4.1 mg was inserted from above into the 
melt and sank until it rested at the liquid-solid inter- 
ace. After about 10 min the melt was refro2en. The Si 
•■Inch surrounded the SiC crystal was removed by 
etching and again the SiC crystal was weighed. The 
xeight loss and the mass of Si in the melt enabled the 
solubility to be found. The carbon solubility in liquid 
■iiicon at the melting point is 3.0=0. 3X10 18 A/cm 3 . 
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Temperature Measurement 

All temperature measurements were made with a 
Leeds & Northrup type 8622-C optical pyrometer 
xhich had been recently standardized. Calibration 
rrrors are known to within ±2°C on the low-tempera- 
ture (I) scale. Correspondingly the higher temperature 
<ales have at most a =blO°C error. Measurements of 
transmission through the sight tube window of the fur- 
nace were made separately using a tungsten strip lamp 
inside the furnace as a source, with the window alter- 
nately in place and removed This allowed an accurate 
correction to be made for transmission losses. During 
operation the surface of the Si container was visible 
u the bottom of a hole in the heater tube two diameters 
'leep. The rough walls of the hole and the high emis- 
avity of graphite both tended to make the hole equiva- 
lent to a blackbody. The temperature drop across the 
*all of the Si container was found as a function of 
temperature by direct measurement on an empty 
container which had a hole through to the interior. 
This hole was so positioned that both internal and 



on of temperature. < \v. C. Dash, J. Appi. Phys. 29, 736 (1958). 



Fig. 3. Phase diagram of the system St-C for pressures above 
108 atmos. 

surface temperatures could be measured at the same 
time. A useful check on the pyrometer was obtained 
from a plot of heater current vs absolute temperature 
squared. Above about 1700°C this plot was linear, in- 1 f 
dicating that radiation was by far the most important ! / 
mechanism of energy loss. M 

As a final test, the melting points of Ir (24S4°C) 
and Mo (2622°C) were measured, care being taken to 
avoid contact between the metal and carbon. We 
obtained 2446°C and 2634°C, respectively. 

Pyrometry errors may be estimated as follows: 
setting and calibration errors on the instrument* 
=bl0°C; window transmission uncertainty, i20°C; 
and error in the temperature drop across the reaction 
container wail, ±10°C. 

Results 

The solubility of C in Si as a function of temperature 
is given in Fig. 2. Some curvature may be noted at 
concentrations of five atom percent and more, pre- 
sumably because the solution is nonideal. We find the 
solubility to be about 1/5 of that reported by Hall. 1 
Recent experiments by J. H. Racette 7 of this laboratory, 
in a fused quartz apparatus similar to that used by Hall, 
indicate that this discrepancy was most likely due to 
the presence of sufficient oxygen in the melt in Hall's 
experiment to remove much of the dissolved carbon 
as GO or CO*. The oxygen presumably came from the 
quartz (SiOi). In that case the carbon solubility would 
have appeared to be too high because the SiC crystal 
placed in the melt continuously lost carbon. Racette's " 

7 J. H. Racette (private communication). 
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Fig. 4. The solubility of C in Gc as a function of temperature. 

experiments show an apparent increase in solubility 
as the duration of the experiment is increased. 

The linear portion of the curve below 1A% carbon 
* as a slope corresponding to an enthalpy of solution of 
.9 kcal/moie, as calculated from the expression 

*» exp { (AH/R) [ ( 1/D - ( 1/7%,) ] ) . ( 1 ) 

In this equation, x is the fractional atomic concentra- 
tion of carbon in silicon at temperature T, AH is the 
enthalpy of solution, R is. the gas constant per mole, 
and T m is the temperature intercept at unit carbon 
fraction obtained by extrapolation of the linear portion 
of the solubility curve. Depending on how the line is 
drawn through the data points, AH may vary ±3 
kcal/ mole. 

In the course of these experiments it seemed worth- 
while to explore as much of the phase diagram of the 
system Si-C as was accessible. Attempts were made to 
melt SiC in graphite containers similar to thoseusedJo r 
the solubility ^zrmwteJfSe ambienrpressure 
/well in excess of the decomposition pressure in all/ 
Ve^rperiments. "A" transf ormaTOwT of"some originally TTgSt 
gr Een, ty pe'6H, hexagonal, 120-mesh, SiC grain to. a 
markedly different structure occurred at temperatures 
of 2830d=40°C and above. The SiC found after the 
transformation was cnbic, as analyzed by x-rays. 
Heating to lower temperatures resulted only in a sinter- 
ing together of the grains without any gross structural 
change. This experiment was repeated .with cubic SiC 
grain as the initial charge. It decomposed at the same 
perature, and the SiC found after the transf orma- 
| . jl was also cubic. From this, and from evidence 
I gained from other experiments with SiC at elevated 
' temperatures, we conclude that SiC decomposes without 
congruent melting, resulting in a silicon-rich liquid in. 



equilibrium with graphite at temperatures from 2830°C 
to at least 3160°C The liquid composition at this latter 
temperature is approximately 50 atom percent carbon 
When the liquid resulting from the decomposition of 
SiC is cooled below the decomposition temperature 
the Si reacts with the dissolved and suspended carbon 
to form the cubic SiC found by x-ray analysis. 
. Experiments have also been performed in which cul>ic 
SiC grains have- been heated in graphite tubes in this 
furnace to temperatures slightly below 2830°C. At tin- 
end of a run lasting several minutes the original cubic 
SiC is still present although slightly sintered together. 
Other experiments have been conducted in this appani- 
tus in which both cubic and hexagonal crystals of SiC 
have been grown side by side from the vapor phase at 
temperatures of 2600°C. These growing experiments 
lasted several hours. It is therefore concluded that cubic 
SiC is stable at these temperatures and does not readiiv 
transform into hexagonal SiC in contrast to the con- 
clusions of Baumann. 3 However, it should be noted that 
the conditions in the present experiments are not the 
same as those found in commercial SiC furnaces. 

Difficulty was encountered in attempting to extent! 
the solubility measurements above 3000°C. Even thr 
high-density graphite containers would not hold liquid 
silicon at these temperatures. Furthermore the in teqi no- 
tation of the chemical analysis became difficult because 
the sample after cooling to room temperature usually 
contained silicon carbide, silicon, and carbon in a carbon 
container. 

The phase diagram shown in Fig. 3 incorporates thr 
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ftndings described above, the melting' point of carbon 
*iven by Basset, 9 and the melting point of silicon given 
by PelL 10 It confirms the general features of the dia- 
grams proposed by Nowotny et d. x and quoted by Han- 
sen. 11 Note that in Fig. 3 the ambient pressure is 
assumed to be high enough that solid or liquid phases 
a re always present. This will be at least 108 atmos for 
pure carbon at 3730°C, since this istife vapor pressure 
over carbon at the triple point 9 At lower temperatures 
the required pressure will be less. With a pressure of 
J5 atmos a temperature of about 3400°C can be 
reached.' 1 

EXPERIMENTS WITH GERMANIUM 

The solubility of carbon in germanium has ap- 
parently not been previously reported. Using the fur- 
nace shown in Fig. 1, we have heated Ge in graphite 
containers to temperatures between 2780°C and 3170°C 
and have analyzed the results. The upper -temperature 
limit of 3170°C was set by the requirement that the 
germanium evaporatio n raj' p - he kept low with a 
maxi mum ^argon pressure of 55 atmo s. At temperatures 
below 2780°C the amount of carbon dissolved in the 
limited volume of liquid germanium was too small to 
measure accurately. The Ge had been previously zone 
refined; the containers were machined from spectro- 
scopic graphite with a density of 1.7 g/cm 3 . 

The samples were recovered by cracking apart the 
graphite containers. The germanium did not adhere 
to the graphite, and was in the form of a shiny slug. 
After weighing, the slug was etched in a mixture of one 
part HF in three parts HN0 3 . The residue was partly 
precipitated graphite in the form of small flakes and 



partly Ge. Apparently the etch was unable to leach all 
the Ge from the graphite flakes because of the hydro- 
phobic nature of graphite. The residue was therefore 
roasted in Cl s at 1000°C in a quartz crucible to remove 
the Ge by the formation of volatile GeO* After the 
remainder of the residue was weighed, it was then 
burned in Os at 1000°C to form COi. No evidence of 
GeO or GeO? was found after the oxidation, indicating 
that the residual Ge had indeed been removed from the 
graphite. 

The results are shown in Fig. 4. If the solubility line 
were extrapolated to the melting point of Ge, the con- 
centration of C in the liquid would be about 10 8 atoms 
per cm J . This is probably a lower limit. The carbon- 
germanium system is n pnideal and such an extrapol a- 
tion is inaccurateJThis extrapolated solubility is a factors, 
^of aEbut 10" 1 less than the carbon concentration in liquid] 
\ silicon at its melting point/ No evidence ot compound^ i 
* foimaUuu iSetw^en carbon and germanium was found j 
up to temperatures of 3170°C. The C — Ge phase 
diagram therefore appears to be quite simple, and a 
tentative sketch is shown in Fig. 5. A simple eutectic 
point probably exists very slightly below the melting 
point of Ge at 937°C. a This is qualitatively similar 
to the C — Pb and C — Sn systems as deduced from the 
solubility studies of C in Pb and in Sn at temperatures 
up to 2300°C, t3 
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Abstr act-Thc so^y of carbon 

ra nge 1408'C to MOO'C. Th« , enthalpy ol so ^£ r daw „ well as th<! results of 
the system Si-C i. P re3ented ^tto si icon carbide. It is found that SiC possesses a 
_ other high temperature «P-™"^ f ^ were carrie d out in argon at P«™«- 

and values from 220(5 L to -juu j non-equilibrium conditions, leads 

that most, if not all of these ^™J^£*™ what has been observed, but 
to the belief that . true decomposite of ^ evaporatio n of silicon from the 
instead a dissociation of the surface smsed by P£ fc ™ a P ft extrap0 | at ed to h.gher 
SiC. The heat of formation data of Humphrey e ^ ^ ]f ^ ^ be 

temperatures, indicate that ^^^^^^ caM^ V^n^ 

J= ^ Si C P^res, the 

furnace assembly seen in A. ■ center. Th ve^el ^ ^ P f ^ which W(juld 
1000 lb/in. ! ; this dense atmosphere retards tne v 

otherwise be quite troublesome. assembly. All the parts arc made of 

Figure 2 shows a cross-section of the j""^ £^ J nv0 radi a ti on shields, and a 
gtaphitc. The two current terminals support a « bu ^^ of in silicon. The 

container which was used in the «pen» «««n £ ^t. About 50 kW is available to 
container is supported in such a way ^that i t ™ no c ^ reached . 

heat this assembly, enabling tempc a « ura e way of measuring temperature 

|| Optical pyrometry is the only 7^^^ thermocouples. A sight tube and 
above 1900 °C, which is the hnut { °/^^!Z^d openings are left in the 

Window are provided m ^ "^^^^SSISS^rf che in^Sud t»mper.ta>« of tlte 

^^tSlr^ST- ta — * ^ tnnSmiSS,0n 
. A .ore compete account of th,s *o* has oeen accepted for puh.icat.on ,n the J-n* */ 
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To determine the solubility of C in Si, the inner container was filled wrth _ Si. The 
container was sealed with a tight fitting plug, assembled into the furnace and heated to 
some temperature between 2100 °C to 2900° C. Thermal equilibrium was achieved quite 
rapidly, and the sample was held at a fixed temperature for one or two minutes . after 
which the power was shut off. Then the furnace temperature decreased rapidly by 
radiation cooling and the Si inside froze. The graphite container was removed from the 
furnace and burned away from the Si by heating in 0 Z . The onginal charge of S, can be 
accounted for as follows : , 

1. Some had reacted with the container, forming a micro-crystalline mass of biC 
within the pores of the graphite. . 

2. Some remained within the container as elemental Si, frozen into a slug. Th.s ranged 
from 10 to 60 per cent of the initial charge of 500 mg. 

3 Some combined with the dissolved C in the liquid Si, and prec.p.tated withm the 
frozen slue of Si as SiC. No free C was found inside the slug of St. 
, 4 Verv little if any, Si was lost by evaporation because of the blanketing effect of the 
high pressure argon atmosphere, and the low permeability of the high dens.ty graphite 
The "sely adhering SiC, formed by reaction with the container was careful y 
removed from the frozen slug. The slug was then weighed, etched in HF-jTOO, to 
remove the Si, and the remaining SiC found inside the S. slug was weighed. W.th these 
data the solubility could be found for the temperature in question. 
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Fig. X The solubility of carbon in silicon as a function of reciprocal temperature. 
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Below 2000 °C the solubility is so low that an accurate determination with 500 mg of 
Si solvent was impossible. Two runs of 10 and 20 g melts were done in recrystallized 
alumina crucibles, with a different furnace arrangement in the pressure vessel. Here a 
weighed single crystal of SiC was included in the melt, and its weight loss combined with 
the known weight of Si in the* melt enabled the solubility to be found. 

Finally, Dash 2 performed a measurement of the solubility at the Si melting point, 
again by measuring the weight loss of a single crystal of SiC, His melt of Si was supported 
on top of a pedestal 1 of Si in vacuum. The SiC crystal rested on the liquid-solid inter- 
face, so there is little question of temperature measurement accuracy. 

These data are all summarized in Fig. 3. The consistency of the results of the various 
experiments is good. Two points of particular interest are the solubilities of carbon in 
liquid Si at the Si melting point, 5 X 10 " 3 atom per cent (5 X 10" C/cm 3 Si),and at the 
decomposition temperature of 2830 °C. This is the maximum. temperature at which SiC 
could be grown from a Si solution, and the carbon content of the melt here is 19 atom 
per cent. This high solubility indicates that growth from solution is feasible. The vapor 
pressure of Si over Si 8 and over SiC 3 at this temperature is of the order of 1 arm and 
rising rapidly, so the need for a pressurized atmosphere to maintain stable conditions for 
any length of time is apparent. 

Another way of plotting these data is on a temperature vs. composition phase diagram, 
Fig. 4. The behavior of SiC at the decomposition temperature is more clearly seen. This 
temperature, 2S30 C C, was found by heating samples of SiC grain in containers such as 




Fic. A, Phase diagram of the binary system Si-C. 
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were used for the solubility measurements. AH samples whose temperature exceeded this 
TueTere decomposed, while none were affected which were cooler. Jwo fortunate 
lis, « wl* hexagonal SiC and one with cubic, were half decomposed and half not, 
so the temperature was determined as closely as pyrometry errors will allow. 

W measurements have also been performed on the C solubd.cy ,n Ge >n a manner 
simila^ to that used for Si. Figure 5 shows a tentative Ge-C phase diagram based I on these 
measurements. Solubilities of 12 per cent at 3170 °C were reached where the Ge vapor 
™reT several atmospheres. No evidence of compound formauon was seen. A very 
ough xipoiation of these data to the melting point of Ge can be made mdicanng that 
the C solubility in liquid Ge at this temperature ,s of the order of 10" C/cm Ge. 
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